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Part l Iph'oductlou

.

The )ossﬂ)le scen'mo of develo ment of chemical ex )lusmu inside a closed vessel resultmﬂ in
l

a breakup of the vessel were desctibedin Preliminary teport No.1. It was shown there that tlw

type. of breal\up. the iumber aud velogities of fr agments. are deteimined by the rates.of energy

release and wall pressure ev: ‘olutioiinside the vessel. Thiresults of l)wal\up - mass:and velacity

..z

dxstnbutxons of fragmetits - would differ grearly dependinng cu the combustion; progess. inside the

vessel deﬁagwuon, detonation or doﬂ'\omtmn ta. détonation: Araisition 1DDT)
To obtain a-closed-form sclution of the problem. tliat can- bé compared with the existing
e*cpemnents wexll tr “to (,oncentmte our. eﬁorts ol thv solutxon ful ~.n1111)le gvometm,s' sphem'al

‘to obtam solutxons posessmg sphexu,al OF ('3 lmduc'\l svnunetxv

The fesults of deflagration to detonation- wansition fuvestigations {1.1} show that the process
is- comphcated and the- hxnhest pressures. and i intensities of detonatmn waves are reached i the
transitionl zone, Tlus zone s characterized by- the existence of ovexclnvnw detonation waves that
slow down, lmllv to. self-sustaxmng regime: '\nd the intensity of the waves decrease to that of
nonnal detonatlon (closeto Clmpxmn-imw,vt fegiing).

Tt case of ¢entzal ignition of sphetical or evlindiieal vohime of combustible gas there may
occur different regimes that ¢an-produce ditferent feall: Joadings after the refiection. If the DDT
process does ntot take Pplace inside the vessel the pressure rize and the wall loading is monotonous
aid it is detérmined by the rate.of combustion: If the DDT procese takes place inside the vessel
rather far from the wall or there is-a direct initiation of detonation tie loading of the wall is
détérmined by a reflected normal detonation wave, But in case the DDT - process takes place
near the wall the pressuré rize (wall l(m(lmg) is determined by the ieflection of an overdriven
detonation wave that produces highér peaks of pressure, It is-uecessary to pmdme a closed form
solution of the prablem of wall loading, describing the multiplicity of seenario of DDT-provesses
that wouldi't be sophmncated and could he obtaitinl within reasonable processor times. To
solve the problem it is necessary in addition to the DDT investigations [1.1] that match the
fesults-of the experiments in tubes {1.2: 1.3] to exmmine some peculiarities of spheiical and
cylindrical deflagration and aetonwtion waves propagation. Part 2 contains the results of these
invéstigations:

The closed-form model of wall loading based on the results of juvestigations conducted taking,
into account the multiplicity of scenario of DDT- -Processes is deseribed iit Part 3,

Part 4 describes the results of hreakup modelling under the influence of internal loading for
different initial conditions and different seenario of combustion process inside the vessel, It is
shown that the criterion of breakup can be determined from an independent experimental data.

The mathematical model of breakup takes into acconnt the influence of temperature on the
behaviour of the main paramieters. It is shown. that the eritical pressure of breakup changes
depending on the type of combustion: the higher is the rate of loading - the higher turns to be
thecritical breakup pressure. The number of fragments is higher for higher pressures.

Part 5 preseiits the results of numerical modelling of fragments” acceleration in the expanding
cloud of gaseous reaction products after the hreakup. The munerical experiment conducted
made it possible to work out approximation formulae de ‘termining final veloeity of fragment
depending on its shape. orientation. initial conditions aud thermodynamic properties of the
expanding gas.
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kt deﬂagratlon or det(matmn nutmtmn i, pxenu\(*d homogenieous. (mnbust;hl_e mixtures. fm
exaluple by meats ofa sparl\ ora \lemnatox. a u,lamvel\' smallzone of raised ¥alues. of- ‘parameters

ne can be gonsldewd as a pmnt source-at.a sufhcwm (lmmw from the initiation

: Qhapzuan-]oumt ql)llexual (lotonmon \\"1S umsulmwl t(n v\(unpie in {‘2 2. ...3] The
,r"ost comp&gte solution.ofithe- .s(-‘lf-slnnlar pmblexn for cases of weak and- stre g .détonation and’
Chapman—]oug,et waves was obtaiiied in [3:4). Tn the Present past. pmhles of flow- parameters
in propagatxon of. spheucal waves df: .stmng"and \vml\ detonation and: rleﬂagramon for cases of
different; velogities of piston ‘motion from the initiation zone are investigated -on the base of
emethods developerlﬂ i [ 4]. - ,

We use.the model where a (lvtmmmm and rluﬂae,mmm waves-zone is assumed to be a.discon-
blmuwv surf'xne, and SHppose. | that detonation arises at tine ¢ = 0:i. the synyietry center and
propagates with. a. votistant wluutv' the-initial mixnire and redaction. puxlucts are polytropic
gases;. Qo-mnst is the specific lieat of reaction, Combustible mixture is noninobile ahead of K
the ‘wave, and-entiapy: of all particles has.a-constant valie, aid eutropy increases for all parti- co
¢les by the saifie value in the detonation wave. moving with coustant velacity U i.e. a-flow of .
detonation products swithin the.continuity domain is homoentropic, Equations of nonstatiohary
one-dunexmoual imotion has-the following fmm undir these conditions:

twn'mﬁ' P wﬂ»«'w-wm.ww,. [V

Qu Qi _10p
-‘5?«*- ub-,- =S o

O, B Ju Yy 29
gty = (22)

where u. p, p-gas velocity, pressive and density respeetively, Under these assnmptions equations
and houndary conditions allow an-existence of self-similar solutions, 1ie. solutions being functions
only of one parameter £ = r/t. Passing to self-similar variable € by the formulae:

0. €d 0 1d < s

— i e = - 23 .
ot tdet Or (16 (23) *
.
we teduce equations (1); (2) to the forny '
du Ldp \’
——— - £ TS e e — 2.4
(v — (u-&) (lp du 20 .
L8 2y 2.5 4
p d€ i dé * ¢ (2:5)
Since the flow is homoentropic then dp/dé = ¢*dp/d€, where ¢ is the sound velocity. Transform
equation (5) to the form:
Tdp ,du  2u, *
P o Yy 2.6 ,
s =TT (26)
L{ Typeset hy AyS-TEX




\It should be nouced tlmt @ mmt'\m ﬂow (u.—('(nht) B soluuwn ot vquatlon ('7 ¢) for the
«renexal case, Tuvml solumon of d comstant. ﬂo\v Le, v =0 (a quicscent state) is onily possxble
Let us'seek o ions tuvml self—smnlar soluhon. Iutw(hu ¢ pew dopeudvnt \'umlxles
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andiindependent variable -

) takes the fori: -

1[ = lu(

M f"] e

Oiigoifig. to: themew variables-the s¥stenmi(2.6). ¢

-

AV j= »
DL = 1)V + ‘—L— =27 €2 (2.8)
: dy’ (11] ,
V= iz v
14 9. 4 SZ = 0): 2.9
‘ * :h/) W+ h; =0 (29)
: _ where ' = pi’{i— -,‘-_r‘f‘p Foi pol}"“t:r;opi(‘ gas T = (3 = 1) where 4 = ¢, /ey is the polytropic
s -exponeit. Resolvme, (8), (9) for thelerivatives we obtain:
’ dz 2|z =(1=V I‘I '
U] el Ll AN S e (2:10)
dy (_1 = V)=
dv 3 =(1=T17) -
Uy ‘ (1=VpR-z' (211
” With the help of the system (230). (2,11) we derermine ’z!\” = il’,T“li{L and then write the
expression derived in place of equation (2,10). Thus. the followitg systeny is derived:
dz Z___'Z : (""..:— l)("t"'l) (2.12)
VTV 3ol atp
dp 1 z—-(1=V) S
— -———-—————-—' :-«:13
W V3: =(1=17) (2.13)
System (2.12), (2.13) can be solved sequentially: at first cquation (1’7) gives the solution
. (V) and ﬁhen the solution obtained is substituted into (13). from where 7 = n(V) can be
found. .

Define boundary conditions for salving the equation (2.12) in the plane (V, 2). For fixed ¢ the

" condition £ = £(r) is satisfied. Comsider the zone ahead of the detonation wave By < r < 4
(Figure 2.1). In this zone V = we/€ = 0 (a quiescent zone). In this case £ changes from
g =00 forr — oo to €p, = RBft = U for r = R = Ut. Value of z within this zone
changes from zero (z4 = 0) for £ — o to 2y = ¢§/U?* for £, = U. On the plane (V.z) it
corresponds to a trivial solutiow when a state changes from point 4 (V =0, z4 = 0) to point

Bo (V =0, 2 = 3/U? < 1) (Figure 2.2).




e 90 a-'-.r-sl..n.s\vl.z- bl e

~M-q..w."- P R )

R R N N LA I I

w‘a‘.?

‘“ B /)l “2.1‘4-»— ,)"N;(i.
A S - . o i . 9%,
S e S et o (212)

fr;’“-!—-:*”m,;—czu+ ER

. ’ ?;xf["_ 1 =:0:.1;

wliere

RN

It fOllOW* from (2:16)-and (2.17) that for fised A(U) the point By in the plane (V,2) is on the

o paiabiola. |
PN , . Hel=1 (2:19)
r . ’ . ) u ) N . ' - | o ” .
. At the Chapman-Jouget detonation a relative gas \'ol(wity behind the wave is équal to the
; local sound velocity: . - -
i
v’ 3 3 Ly €1 \2 2
Cy = Wy =(”l"‘5’r)):" = ('E;—) =z =" -1 /
, n .
4 B o |
Thus, the Chapman-Jouget detonation corvesponds to the ense A = 0-when the parabola (2.19) i
’ takes the form A
='(1""|)2 (2.19(1) ; Q
¥

and goes throuigh thé points (0,1) aud (1, 0) (Figure 2.2). o
¢ . For A? > 0, U > U'p equation (2.18) has two roots: A+ > 0, A~ < 0: |A™] = AT, It follows >

froni equations (2.17) and (2.15) that uf > uy, pf > p; i.c. the root A* > 0 corresponds to

the case of strong détonation, and the root A~ < 0 corvesponds to the case of weak detonation.

Sclution on the plane (lx. z) can be prolonged either to the = axis (i.e. V = 0) that corresponds

to the rest in the symmetry center ot. at pr esence of a spherical piston. expanding with rate u,,

¢ ‘up to the lihe' V =1 as . 'Y
: wo_ouy, T
- V“‘-: —L. ry=ud o= 1V, =1, L P
nft T ! g
‘ In the zone between the piston and the detonation wave a shock wave can appear for which ‘
the same relations at a «liscontinuity surface (2.14) are true as for a detonation wave but with »
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= 1) and a mixture
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Consxder thie. cage.of Chapumu— Iougvn qplwn(' rdetohatiol wave propagation. U=U n, A=

0). Smce pr.> po, iv. followq fmxn équation (2:13) that 0 < Vi < 1= py/pr < 1and that the
\pomt B; (V= 'Vh 2= (e /U [;) < 1) is otr-the left hranch of parabola; (" 19a).. Passage from.
‘pomt Bo to.point By in the plane (V

) odenrs by -a jump (Fx«vme 2.'2). In ‘the- case when gas
in the symmetry centei is ab.rest (v =0, » =-0) point M (Fxgme 1) in the plane (¥ 2) is
oii-the ais:V = 0: M(Viy = 0,247 = o0)s Point K(1% = 0,20 = 1isa smgular point of the
l\not st¥pe: Afor equamon (2.12). Thus; & sulut,mu couneeting point By v.ith point M goes through
pomt A Tliis point non-nmm'ml) moves on.the plaue (1. #) with the sonnd veloeity:

G, )
ngs=l s ez s p2qh
& i
L
h= s =() wy, =0,
43

i.e: there is a characteristic on the-plane {r.t) whicli ioimds the rest domain (at this charac-
tefistic derivatives hzwe discontinuity). Solution from point & to point M is vest: as in point
K the condition: wy % 0 is satistied and in point A7 vy = 0 due to synimetry, then the rest
state satisfies the equations and. the boundary conditidns and due to uniqueness it is a solu-
tion.betwéen the points K aud M. Ou the plane (1.3) states from K(Ve = 0,2 = 1) to
M(Vp = 0,2p = 00) ate on the = axis from 1 up-to o (Figure 2.2). Thua. a desired solution
behind the: detonation wave consists of two hranches: hraneh KM corrésponds to the trivial
solution V = 0, and hranch Ky By to the solution of the ¢ general type for system (2.12),(2.13).

On the plane (1.1) a solution lwhiud the detonation wave (r = Upt) consists of the expanding
domiain-of gas at rest (v = 0.p = const = p;) and the varefaétion wave in the domain between
the charactéristic C; r = Cyt and the detonation wave r = Upt. This rarefaction wave isn't
a solution of a-simple wave. Along each axis € = const values of flow parameters are constant.

Consider the case of strong detanation (A = AT > 0, " = ['} > Up): when gas goes from
the state characterized on the (¥, z) plaw. - by point By, to the state characterized by point By,
(Figure 2.2).

In this case point By charvacterizing parameters immediately hehind the detonation wave is
situated on parabola (2.19) which is higher then purabola (2.19a). Coordinates of point Byy:
V =W and z = z;y can be determined from equations (2.16), (2.17) (Figure 2.2). In this case
we can construct the solution where a compression wave propagates hehind a detonation wave
(it is an analog of a constant fow in a plane casef [2.5).

Continuous solution By, P (Fi igure 2.2) reaches the line 17 = 1. points of which can be
considered as points corre ponding to spherical pistons expanding with constant rate u,. Point
Py, wherein the integral curve comes, defines the only veloeity of the piston which corresponds to
the given velocity of strong detonation wave U;. With decreasing ) parameter A+ diminishes.
and AT = 0 at Uy = Up, parabola {2.19) transters into parabola (2.19a) and point By becomes
coincident with point By. Continmous compression wave is deseribed by solution By Pp, the
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pxston véloeity decreases to mlue upgy L6, we obtain a solution with. the Clnplnmx—loune
detonation iave atid the contindonis (ompquum wave hehind tlie detonation wave fron to the
sphencml piston mioving With-velovity iryp.  ©

»

X On 1educmo the piston velocity so that a state ahead, of the piston \vould ¢ ouesponrl to point
Py, in Figure 33, we get the solution containing. the Clhapinan=Jouget detonation wave. the
1arefactxon wave tiansforming gas fzmu state By into certain state C‘, on, curve BICOI\. the
shocl\ wave- transforining gas from state Cy into state-Cy o curve ByC\ K. and-the continions
compression wave C\ Py, Cutve BC K preseutssa logus of states on the (1. 2) plane ivhich-can
he obtained as-a a tesiilt of a-shock trausition hom the states lying on iiitegral curve B, Gk

With. fut,hez (lecw'\mnn‘ the pistan vc‘lu(m' w, coorditate =, of point P giows up. T this
case there is 4 solution wherein poiuts ¢, and Cy move along cuives. BCyK and B,G\K and
approach the point K. For u, » = 0 there s a solution containing Clmpumu- Jouget . dctonanou
wave,. xarefactlon wave andrest zone, Under the given houndary conditions, (at thepiston v = u,
and-at: mﬁmty) the constructed soltmon in the class of strong detonation and: Clxapmau- Ioue,et
~detonatxon (A B 0)‘1s~"nmque.

Flgtue 2.3 shows cmnputecl resultsfor the case-of sphericil-detonation. in mixtire Qg = 3-10°
Jkg; % = L4 = 1.2 i the fotm of dependence of pressure p/pe on non:dimensional
coordinate /R, Curve B(;B[C yINAL vmwspoml». to the solution cuntaining the Clmpumu-
Jouget detonation wave BUB‘ (UD = 1630 ni/s), ‘the raefaction wave and: tlie rest zone at
uy = 0. Curve B,B,C\C\ P, cortesponds to‘the solution containing the Chapihan- Jouget wave,
the ravefaction wave, shock wave CyC' and vmnpw%smn wive C'( Py at the expanding spherical
piston velocity u, = 1200 mi/s: Curve ByB\Ci\C |P, is the pressure profile at decreasing the
piston velocity i, down to 1000 m/s. It is seen from the figure that futher decreasing the piston
velocity will lead to reducing an intensity of secondary wave CyCy. Curve BBy Pp corresponds
to the solution containing the Clxaq)lu'm-]oue,er detonation wave and compression wave By Pp
at piston velocity u, ~ 1320 m/s.

Let us go to consideration of weak detonation (A~ < 0). In this case:the problem solution isu’t
unique. An uwnique solution can be obtained in the weak detonation class when a value of one
paraineter on the detonation front is given-in addition to-the houndary conditions [2.4, 2.5), for
example- this pa.rmneter can be detonation wave velocity [7 whicl defines uniquely A; < Uand
point By, on the (¥, z) plane. Solution contains the rarefaction wave Bi:Culk (Fxguxe 2,2) and
the expanding rest zone behind the weak detonation at u, = 0. Pressure profile for the solution
obtained at Uy = 1750 m/s is shown in Fig.2.3 by curve ByByo M. Solution at presence of
a moving piston (u, = const > 0) contains the rarefaction wave behind the detonation fron
from B2 to certain point Cy: lying on integral eurve B\, C e X the shivek wave transforming
the medium from state Cly; into state Cy on ewrve By Cadv and the continuous compression
wave to state P (V = 1) ahead of the piston (Figure 2.2). Cuive B),C) kN in Figure 2 is a locus
of states which can be reached by a shock trausition from states on curve By Coplv.

Figure 2.4 shows pressure profilés for the case of spherical weak detonation wave propagation
with velocity U, = 1750 m/s. Cwve By By2Co: M corresponds to the case u, = 0 when
there exists a rest zone in the symmerry center. Solutions with an expanding spherical piston
are représented by curves Bgy Bi2C2C1a P (up = 1300 m/s) and By BpaC§,Cla P (1 = 1000
m/s). As seen from this figure, with increavng the piston velocity u, an mtensxt,) of secondary
shock wave CyC}y srows.

Solution of the indicated type for the cane A\ < 0 exists not for all values of the boundary
conditions but only till the piston velocity u), <, (U;). where u,(I) is the piston velocity
satisfying the solition with a strong detonation wave moving with velocity Uy = Up. Curve
Bo1Bi2B11 Py in Figure 2.4 corresponds to a pressure profile for such limiting case ( For the case
considered u, = u,1(Us) =1500 m/s). At this piston velocity a secondary shock wave CoaC'r2

8

L)




""' e T E A u-~—-u.«.-.‘uc:.. D T I e L AR SN RS

overtal\esya( suon" dermmuon W ate BulBl 2 mvxoes with tl.at and tmms a- strong, detonation
waye: Bmanmovmn wxrh tlwrsmne \elucm' Ui = 1750 m/s. For greater velocity- of the piston
Up.-3 u,,l(Uo)ra soluhon can e found oidy inthe class of stiong detonation, For this casé o
ity to- glvehau addmoudi ])"tl;llll(‘u'l at u «h tmmrmu fx mt is elnmnanwl [ o]

Consuler tlu, pmblexn on. .sl)henml ﬂamv h()ut pmlmgdmm v om a- pomt souxce of initiation
:for the-case: when deflagration- doesit lu-vmm- dvmxmmm Deflagration. froiit is. assumed to
‘be:a dxsconnmum' surface: and then a solution is heing wu"ht within the scope of the saine
assumptlous as in the previous problai. Consider the case when,.a weak. leﬂag,mnon front
propagates with a:given constant rate. of normal’ Inuing 11 thirongh: a initial qmesuent mixtuireé
with-constant: parameters. Normal- burning rate: B s stubsonie with: respect to gas aheacl of the
fron t’lxerefore a soliition Will contain.a sphierical shoék wave-moving, ahead- of a.flame front.
To find: a solution in the dis tlulwcl Zoiie of nou-comlnmed gas betiveen a, shock wave and a

. deﬂagratxon front:the system: (2 120, (2.43) can beused ivith. vmrespmulum, houndary- conditions

oiiithe shock wave and on:the (leﬂ‘wmmm frony whiclhate tlw following form in variables (V, £):
~1).oti:the shock wave: nmvuu, tlumu,h quiescent. medin.g 1 = 0)drom:(2.15)-(2.17) we have:

- i ; ~ Ay — l .
bol =(1 - ‘l”)(i + —‘———Z}}T“W" i 1 ). ' (2'21)
from.where it is seen.that shock waves tiausforny the axis 17 = 0-dnto points of parabola (2.21);

2) on-the flame front. heliind which,a state réaches the one at test, parameters ahead of the
fréit: a;grwgmet,ted‘,l)y the relatio:

PP k. ),‘,"(H" '-W’), = Uil = el (2.22)
o S 1 :
:1-:).—' ‘(o-l(l—‘”

1.e. going onfo the axis Vo= 0 throgh. the-flame front is possible only from points of curve
(2.22) In deri¥ing the oquamm {2.22) we 1ive conditions (2.16)s (2.17) at the discontinuity
sufface and the relation connecting a normal. burning rate I and flame velocity Up
H'

1- (u

Parameter v, corresponds to the iuitial mixture, 5y corresponds to the combustion products.

The zone ahead of the shock wave hmages into the segment AH, on the (V. 2) plane, where
Loor(hnates of point Hy corresponding to the stute ahiead of the shoek wave front arer 1o = 0:
"o & co 2/U* < 1. The state behind the shock wave correspouds to the point Hy lying on. parabola

2 V) (2.21) (Fxomc 2.5). Going from state Hy into state N, ahead of the flame front lying
on curve z = zo( V) (2.22) is realized within a coutinwons unnpw.ssmu wave (Figure 2.3), and
transition into state Ny behind the Home front (V3 = 0. 2y = 3/U% > 1) occurs by a jump.
The rest zone behind the flame front images into ray Ny M. For !lus case a solution s unique
at weak deflagration velocity I given.

Notice that points of curve (2.22), for which coordinate =, < 1 at point Ny, cannot correspond
to the leading edge of the flame front. as that leads to supersonic Hame front velocity with respect
to gas behind the front (stroug deflagration). For this case the solution can be . onstructed that
contains the Chapman-Jouget deflagration wave and the rarefaction wave iollmvmg, the first one.
State behind the deflagration wave should be sitnated on parabola 2 = (1 =V )*, and a state
ahead of the wave is on the curve:

U=

of Yi=Y (1§ = w)? 20y
N HRTE

-1 =1](1 =1y, (2.23)

[ (vo—-1) 1§70 — 1)
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presentmg a locus uf states from, wlmlx sr.arcs -on pamlmld (2.19a) can lw v‘u,hed oiy. going
e through the ﬁame front. The- solutum ol:muu:d contains the shock transition frot the nnml
Ty pomt on.axis. V' =0 into. 1)01111; H 1L Ol vmw (2. '21) tlwn the tx'msmou thhlu -a continuoeits
e compressmn Wave to stite X a1 oul curve (‘2‘23) the uu.xp 1n the «leﬁaoxauon wave to state
F on. parabola o 2.19a) and the contimions rl;u ftion within the rarefaction ivave to point K
,1(F1gure ‘A)ys:,l)\-- Th a zone of. quiescent gas in the syiietiy-enter.

4 picture supposes apresene ofs
e Depen(hngfon Q lo(' wion, of point Fon, pambula (2.19a): further motion is possxble either. '110110

mtegral ciirve F C.,I\ to.point K or fo sing gular point Bi:= ;E——’,‘-;—:—:;—- 1= = \l:) ot tosingular

v point, C.. .For the second case the rest zoud doesn’t imm. aiud the monml ‘continues o the
. symitetry certer. and for thelast case empiiness forms near the center, It is necessary to fiotice
. - . that there-exists, o solutlou for all points- on;parghola (2. 21) drighet thai. point @ of parabol'w
H (.. 1j.and: (?..23) intetsection. “On parabola - (2.10a) poing €y ((u'respoud 5 t0- this point. ¢ and
O &3 or themmmple (()nsxdex ed is-higher than poing. By that suy's- thexe are solutxons with-a test
» & zone: foratlns cases dt,absevce«o“ apiston.
Soltmon fot eak. deflagration (I = 30.n/s, U = 000 m/s) on the (2,1) plane is showm:
. in. F igure 2, )6 Segmen ﬁom 0 to H(, (<,us_>p(>uds 1O o qme.svent uutxal cr\mbusxble anikture
zone: Jump to ponn Ny.oceurs. tlnoue,h the shock-wave. Integral.curve A Nz (:(mesponcls {0 a
continuoiscomptession wave ahead of the flame frout. Juinp of parameters N Ny oceiirs through

the. (leﬁaqmtmn front. A rest zone begings diveetly holind.the deflagration wave. Pxess\ue pmhlo

corrésponding to the solutioii obtained is.shown by curve, Hm\ N,y in Fig n,uw 2.7. Sy
Solution with the ChapnianzJouget deflagration wave {1V = 580 wm/s, U = §00 m/a ) on the o
! (..,V) plane e Fm,me 2.6 cm'xcaponcls tosegment OHy (a quiescent initial mixguie), junip H,L . -
- through't the shock wave, compression Wave LD jump-through deflagration wave DF'; contintious r
rarefactlon wave FI' and-the zone of quiescent gas. Corresponding pressuve-profile is shown in Lo
. Fxgme :7 by curve H,LDFK. T
. At presence of an e\panchne; spherical pistou:for the Chapinan- Ioue,et ‘deflagration there are RS
) possible solutions with a uunpxessmu wave-iiistead of o ravefaction wave behind the deflagration b @
front (integral curve FP in Figure 2,6) or with « rarefaction wave, a shock wave and compression IR
wave by analogy with the considered flow pietures behind the Chapman-Jouget detonation N ‘}_ﬁ;’*‘
front. For. .example Figure 2.7 shows apressure profile for piston velocity u p = 580 m/s (eurve o
HOQDFCocan)- ‘ e
. Tinis_possible How pictures at propagating deflagration and detonation waves with spherical P
symmetry have been mvestigated, ' )
PR ;
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‘enérgy-conservation law:

~~-..f-v- "‘*-'WM ‘l-~o—-t‘.n£‘0:.’-. ey ‘.ﬂ.«p—\-,—.-"t \-4-.,,! Femafate Yt Sine S m -

zu)uc loadmmot the \valls ot apheru_z\l or cvlmdmcal veasel

where u,, 1/ sl sl:ou.luomctrlc cocfficients- bvfow anckafter théreaction. wspeuivelv.
it chenncal efierds 6 combustioin pei mass unit of fiel is known (let it he AD) the specific
energy feléase: @ (chemical energi per- s Ait of mixtire can be detérinined as-follows:

.

0 = { Y »AH li 35:1 Z <Ii1'33: (3:2)
l'ldHl‘I’. if 17 < Y5
where § = -f-‘(—”*v:—*- : xmuluouwtuv ratio

pgleyi=eh), L ) )

et the total inass-of gases * side a spheriedl vessel he AL, For the case of eylindrical vessel
let M be the mass of gas: Jper unit length of a ¢ vinder, The maximal equilibrinm pressure py,
'in the vessel after the combustion of mixrure can he determined by a formula derived from the

Pu - Tm AL, f_‘_(‘_),. + _Q_. _[_{9_ (33)
‘51'1.;) Jtn

o Tﬂ fig = o
whete T}, - average temperature of misuure after_ combustion: . ey - specific heat of mixture
before and after the renotion: s Jm = Wolur masses of mixture I)(«tow and after the reaction:

AY

p= (3 (3.4)

t—-ll'

To obstain the closed form model of walls' loading it is nevessary to examine different regimes
of coinbustion process;

1. Deflagration wave propagates from the centre of symmetry to the walls (Regime No. 1).

2. Noimal detonation wave reflects from the wall and produces impulse loading (Regime
No.2).

3. DDT process takes place near the wall that canses rhe reflection of wusteady wave from
the wall. This wave of unsteady structure can be weak aud it can be very strong in case of
overdriven detonation (Regiime i\o.3). -

One of the main characteristics of the DDT process is the predetonation length

eh )

L = L(py. Tu.:u,,f / A

- the distance from the iguition poiut to the place of the onset of detonation, Experimental and
theoretical investigations of DDT processes {3.1 - 3.14] in closed vessels and unbounded volumes

showed that the predetonaiion length depends on many purameters: pressure (py), temperature

Typeset by A4S-TEN
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(To)u(.henucal Pml"»l‘“"* “f llll\f' ure (/ = 1.2....). diménsions:of - \(msel (ry). :mbulvut
T cha.ractensncs Of a, Hoig - '/Jr J = 1.2....). H‘)ll(htl()lh of iguition aiid power of the souice of

i Paxametex Lis of the type of parameters that eair be measured - much éasier: thaii
M u,alculated This:value will he-otie- of the parameters of our model.

L L: Loadumuot*wallv ihcasecof. rlvﬂa"mmnu)tm nn\mw.
B The Regnne No. 1 ml\es placesin case dnnousmns of a vessélare rather small

1'0;<«L; : (33)

The- velouues of Hame: propagition are sul)smnc and.rather .sunll in thiis case conipaiéd-with
i = . .smmd velocxr,v and:it can he. assumed that pressure has o nearly uniform: (hsmbutxon inside: the
R vessel The-distribution -of temperamue wwill not he nniform since the central part. of fiixtiire
, - combusts dnder:low pressute- cotiditions.and is compiessed.theii gradually to a lugh Pressure P,
. and. :gas:neéar the: wallg.is compressed-inadvange hefore the combustion by e\pandmg réaétion

. ,products ‘of internal volumes.ofsmixture; Tlie temperatiwe rise in-the last case will be-smallet.
. ‘The teinperature rise due-to.adiabatic compression;of wuburnt gas can be determined by formula

=1

T 2t

= = (L

i= ) (3.6
Ty I

where v¢ = ¢ U /e - the ratio of specific heats. . ) ‘

3 The dependence of niags rate of: conibustion upon the pressure is given by formula {3.13 - 3.15)

M= pof = pgtet f—) T"'. (3.7)

(ER | ]
where n is the reaction order. The fornuile (3.7) wmatches most of expeiiments when n = 1
‘ 3.14]. )
Taking into account the cmnpwssum of the mburned mixvire in front-of the flame zone and
the mass burning rate (3.7) it is.possible to ohtain formulae (3.10] describing the pressure rise
4 vexsus time 1 case of flanie spréad in a closed vessel:
. for spherical symmetry

L P, - Py~ )
t=f P~ "-’[1—-1’"" w ] dP, P= L (3.8)
1 P m =1 Do
4
t =t 4mrdpyog Py = 1)/ M:
2. for cylindrical symmetry
- /o 4
‘ F= / _ : (3.9)
!
« s b « L ‘;},f
t =1t 2argpoval Py — 1)/ M. i
¢ The solutions of these equations in dimensionless variables for n = 1. ¥ = 1,4 are shown Y
in Fig.3.1. In case of complete combustion of a mixture the upper limit of the integrals (3.8).
12
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- f(P,,.

“‘."where P(t) and Pm afe deteumnvd from (3.8): (3.
! ‘) . Fe

.,.,-v.,.--- -

i Py ;’o (lt*teumne(l bv (33) Equ.mom '35) (3 9) mal\e it noaslble tor demmxm-
The loadmn of tlw wall for:thee Rc"nm- No.1 vaa e <lvrmmuwd by formula:

<
e

ST L e Pm i EE y
S SR - e { B+ (3.10)
' 16 Pnn i O - )
Le33)
oading of walls in case of wﬁw'n(m of ummai (h-mu.m(m Aave,
n:of: mxm'\l (lemnauon wave fiokes pLu ¢ 1 case

E < Iy = l, (3\‘1'1)

. ,'where [is. the: length of unsteady detouation wave propagation until it comestoa .self-sustauuug,
‘regime, The\ouset of:détonation takeés place-at ¢ = L and the pressure in-the vessel-at the time
» . canibe: determmed iy

forinilag-3: 10]

L sat Py = P4 (315
Z =l PFri 0 otz : 3.12)
Py {- ! Py =1 ‘} (
R ‘fpf)the‘?ﬁi}'sg of spheriead syininetyy, and
L .L P n P
Py - - ' 3-13
) l P P m = 1 } ( !

for the case of cylindrical synunetiy.
Correspouclmg; tnne moments £, can be-determined from (3.8), (3.9). The time of reflection
of the detonation wave from the walls #* is estimated by formula

S '-i’-b"-ﬁ (3.14)
Avhere D is the detonation veloeity foi the mixture:
 — ');.’__7; -,‘
DE \/ (f 1)(2'1" —-(1 R 1,(2'*"1’,1,0/’)0. (3'15\,

9

-

At t = t, pressure on the wall goes up to p, aud then iu time At it loivers down to the valie
PrD» Where At chatacterizes the reaction time in the detonation wave {3.16):

At = kYT () exp = (3.16)

E
' RT’

where E - activation euergy of the chemical reactioin. R - universal constant for gases. py, T; -
pressure and temperature behind a leading shoek wave propagating with the velocity D:

_:=(2“m l_?_‘_tu—l) (3.17)
Sod+lap o+l '
(10 2z + 207ty (2L 2o 1)
ag - - a3 . (3.18)

2

s+t D?
(:0 )';,—5-
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vThe:value of At for hvduwen u\\"en 1111\tmv~. 1« At ~ 1()"’ and-for dilute miktures near

»

)..
_ n TR = S 3.19)
: =ivE IR EE =) (549

%

for: the leading shock wive; ‘ .

-

D7D s A +1 )1 . ’ p
PeD- - B0, 3 3{ D, f) EDEp?, (3:20)

B ' L P 0 4 /'udo

Patly Py

: S oo —for the: end ofsréadiion: zoie, :
4 : S The unknowu values of pressure pp, deusity 0. velocity ugy at the end of réaction zoiie

e T J;qhmgbt.h‘e.«tletpx;.at;on.,stave arésdetermingd by formiilae:

i { “.D - _in N 94 B (l(" ) ‘ (3 ‘)1)
v iy v ¥1'ay D h
_[ﬂ'{ = - Q P ( .)v’))
o D=up
! i) ~Dun . ppDup ;
BD _ oy 2240 BOZED (3.23) NN
Po u " ST ey
The pressure near the wall p,.p deereases c¥ponentially under the influence of rarefaction wave N
_that. follows-the detonation one. The characteristic time of pressure decrease is that necessary L
for the last characteristic of the rarefaction wave to reach the wall: f o
¢ B
- Ar .
T = weiem, (3.24) ,
“k { “:t‘ +
where Ar - the distance between this chavacteristic and the detonation wave, ax - veloeity of T ’
sound, o this characteristic (1 = 0). The solution obtained in part 2 shows that the ratio U
¢ %5 = ke is a constant value very close to (.5 |
NI
BN
Ar = ,u"-l'u ~ ().51'". (3.25) -
The value of 4 can be determined approximately by formula:
D 441 «33-=+ 4
g, & —me _ M9 9
s L TR (3.20)
For strong detonation waves in gases under normal conditions D ~ 2500 — 3000 m/s, and
ag ~ 300 m/s. That gives the ratio af/D?* ~ 0.01. and formula (3.26) can be simplified
¢ v »
] D "
A —— .
W~ 5 .
Finally characteristic time 7 is determined as follows
'y ,
' T= —. 3.27)
. ( ’
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3: 3 _*Dvnaun(.um'uhnn of tlie: *\mll m case: ()i‘wﬂm “tion ity DBT -Z0ue.
Tlns Wpe ‘of Tetléction tukies place dni case
< L<ry. {3.28)
SEO: I
i i The transition process starts after » = L and that is why similau to Regime No.2 for the present
Py régite we. shiall determine time ¢°. préssiive p* from: the solutions (3.8). (3.9). Inveqnoamons of
e the DDT:process {3.1:8:11. Preliminary Re port 1 show that the iiitensity of (letouanou wave
: ; inereases to that -of an overdriven detonation and then deereases to the intensity of norinal
B LI R ‘ (letonahou. That is whiy the length-of the DDT-zone 1 is-rhie swn-of wwo- lengths:
o Ty + by, ‘\ (3:20)
. l; - the length of forihation, of an overdiiven detonatioin: | 2 - the length of slowing dowii- the
» = ,overdnven detoiaticn:to-u. self-susmuuug mogle:
1 ‘ ‘ The ratio. of thew lene,ths i / [ &) ()o =075,
- : To begin withlet iis regiard the sitwation_
rg =1 < L{Iu—ll. {3.30% l‘:’; :f“':-::;“
" . For ¢ = £* presswre on the wall rises to p aud then decreases up to plp, during the time .
At', Thie pressire behind the detonation wave is determined taking into aceount that the wave
propagatés in an initially compressed media R
) . P Y . f:b ¢
v 2D asl (3.31) - ,
4 »* ~ 41 @4 TEh ' b
Y 1 i “t i + 4
R | ;
Ao . , . - o
where p* = p(t*): a, = u.,(ﬁ-;) * . Détonation veloeity D determined by formula (3.15) also AN
‘ depends on initial parameters of mixeure, Dt simple estimations show that the deviation of P
detonation velocity D from the initial value is negligibly small. , ;Il ,
The velocity of the leading shock of such an intensity on entering the uncompressed mixeare i
q will be 3
' ’ N
Y, — I ). A o N
D= [l lh L2 (3.32) P
fa = o . Ch
{
where . :
! L4kl L
' !2 _ + S=1 ﬁ _ 1;‘ 1/ 333) b
i PRI "(—) . (3. |
{ Iy = T L I i
; = 4
i
‘ The Hugoniot curve gives two solutions for the detonation velocity D' > D determined by ?
, (3.32). These solutious correspond to strong (overdriven) and weak detonation modes as it was :
: ghscussed in Part 2. Gas velocity and pressure in the end of reaction zone are determined by i
¢ formulae; | 3
' wp 1 D'y D' ay 2 2% - I)Q : !
Lo N -y (oI T (3.34) ! ,
. {y Y + 1 y D ay D’ (lU : )
!
Py , 1D .
L =14 — I) (330)
'_ o ”u »

The solution with sign "+ in (3.34) corresponds to stroue detonation and it must be used for
this case.
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‘escuxes o nhe Wz \ll aitm (Iu retice tmu of an. U\l'l(hl\( 1 e L(manmu wave:are determined

B P s

] : ult 1 o' 5 g
o e e eEg it oo / ,1’ ’? i” /“ “ : . {8.37)
- TSR ;I)Q ‘ ‘I)", 4‘ :i’()'(‘ﬁ' '»'\\ /!u(ln y')(, 4 ,Ju(l"

= B The decreaae of plexsuw hmn 1: up. topl takes: place dmmn fime interval At':

*\ ‘ AT ralh bind l”’\ : E
T - ) . }| & I'u) (\p(.’? A (3.39)

ST (3.40)

‘For-the: case

. ro =l < L <y (3:41)
. ‘the pnrameters in the (lvmnmmn wave aud at the cud of reaction zone can be described by
- approxiiate formulae:
L =0 Ty ;
14 = =iy, < 'I"")\"T"" +1)7 + Py (3.42)
i

i = g r—=Ty 5 44
op = =(ppiy — l’m)("""‘""l + 1) + I’Dm' (3.43)

(B = . N ! =
Py ""I"lll-="o"l|‘ Ao = I’I)Ibzr'o-lt: (3.44)

where functions piy and pf, are determined hy (3.31). (3.35).
The wave velocity can h!* determined hy (3.32). (3.33). the velocity of gas behind the wave
ulp can be detérmined as follows

3

U'll‘)' . y l)l;) . .
2=t ). (3.43)

The pres-suree on the wall after the veflection of detonation wave hehind the reflected shock

wave p}f and at the end of teaction zone Vip van be determined from (3.36). (3.37), (3.38). Time .
ititerval At" is determined from (3.39), (3.40).
For the last case (1 = < L < rq) transition process starts near the wall and is not finished

by the time of reflection. In fact. the new horn wave does not enter fresh mixture. The flow
disturbances during the stage of low velovity flame propagation have enough time to reach the
wall. That is the reason we shall consider the wall loadiug for the times f < #* to be the same »
as for the Regime No.1. -
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‘Part. 4, QMathemancal modelluw of spherical tuel tanks fragmentation under the

V »actlon of dynau. ‘¢internalpréessure..

" 7To 'ulalyzc causes and cousequences:of explosiois-of fuel tanks of last focket stages on nears
earth oxlnts tfhm e ave first experiments-on fragmentation of thin-walled shell structures-under
the-action -of’ ulwuml explosio {4 1] and alsosattempts to solve the problem thegretically. In
(4.2, 1. 3] the' stinplest mathematical wodels are suggested that allow to culaiilate an average

«umubex of fragments, whiclr are the result of breakup of thin cylindrical and spherical shells

in. e'q)losxon, and:their initial velogity 6f seattering provided that all fraginerits have-the same
mass. This.part deals with iiinciical modelling of thinswalled spherical shells. fragmentation

under tlie: action.of dynamic mteuml loading -deseritied in Part 3 taking accoumt of fraguients’
rdl.S@;;b\thO:l. An-teiniiy ofiinass:

§4.1. ‘Probleni statenient on déeforming a shell:

‘The followxug asswiiptions on shell geothetry and o chiaracter of its deforming and breakup
are-ihade: .

1 The shell.is thin: h/r € 1 ( Je-< the thickness, r - the shell radius),

2, The effect of ai internal d\'zmnm- toad ix modellod by pressure =) depending on time
and Dheing uniformly distributed aloug the internal surface of the shell. Characteristic time of
the load action 7 3> h/ay (aq is the sounid speed i the shell),

3. The,shell material is considered to he clastoviscoplastie and process of its deforming is
adiabatic.

4. As a condition of the shell hreakup beginuing the entropie eriterion of a limit specific
dissipation [4.4] is assume,

5. The shell breakup is assumed ro ocenr as a vesult of the action of tensile ring stresses at
the expense of consumption of clastic energy acenmulated in the shell up to time ¢ = ¢, of the
breakup beginning; the work of external forets in breakup time is ueglected: spalation fractures
aren't considered (4.2, 4.3. 4.5).

Due to the first three assumptions the problem on deforming o thin shell can be considered
as the one-dimensional spherical o,

Their the momentum equation has the form:

P = I-{Q-)- - 22‘
h r
where p - density. v - radial velocity, r - current value of thie shell radius, o4 - ving stress (the
averaged stress over the shell thickness). a dot over a symbol means a material derivative with
respect to time.
The rate of ring deformation is determined by:

I

5.

H .
- "

other deformations are absent due to the shell thinmess.
The equation of mass conservation has the form p/p = =244 from where we have:

P = poexpl=2:4).

where pg is the initial density.

1% Typeset by AuS-TEX
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Calculatwn of the .slu'll mnpm'zmue in. deforming for mlmlmtw approximation can be per-
furmed by the-following procedure:

[M‘.,T + 20 ..SaT = ()Sﬁ:z-

v

Herein ¢, is the heat capacity at coustant stresses, n, is the coetficient of volumetrie expansion
(4.4]:

Ciiterion of the shell breakup heginning is the entropic exiterion of o limit specific dissipation

that for the meditim model considered is reduced o mechanical dissipatiow: L :
D |l=l. = D,. ‘
where D, is the constant of limit specitic dissipation determined with using the experiments on ]
spalation fracture i a plane collision of plates [4.4). . .
b
§4.2. Calculation of fragments’ nuniber. )
Fragmeucs nmunber obtained in shell: breakup ¢an be fonnd ficau the balance of elastic energy )
and work for breaking off a material, To deseribe fragments” distribution in terms of mass in :
explosive breaking of shells the Weibull distibution is most often used that is the special case of
general probability distributions (4.7, 4.8}: »
mo\
N(<m) = Ny[1 = exp(-(—)")}- (4.1)
1,

{8
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Hére v\’(< m).is the nmubm of fragments with inass foess thais v N, s rhe total umuim
ffraginents with niass mote than 0-ta cheoretieal coistaner: i, - the-charactefistic mass of
: o ?’mes‘tﬁnbuhon.i A, = thesdndes.of-fragmetitation quality.

B , For A > 1 (hsmbutmn (#.1) 1y ummo(lal with «€he mode M =gl =1 MY for A = 1 thiis
’ ,dlstnbuhon becomes the -exponential one: for () < A < 1t s an asy mmotv iw'uo the otdrirate
©AXIS.. Value»of;\ i 1s ﬁmte at A > 1 aud,.\u 56 at 0 < N £ 1, '

-~ As.-showns in[d:7. . bl the mumo(lal <lxstul)umm {(+.1) dmcubvs satisfactonily spectra of
‘breakup-of. metallic (\hu (luval shells. of, mmhum—-.uwl thickness (h/r > 0.1). Better results
can.he:given. by the two: moclal hvpunv«xbnl (hxmlmnou suggested in 11.7) which includes tivo
morpholog;xcal culleutxous. Lu’e,e fnguwucs containing- Doty shell smi‘wes ( «\tundl adid internal)
'md accompauvmn sinaller fragmeiits contaiing one of the- xmfw:q

For the.case consideted. sllells\aw very thin: /e 2 0001 [4.1). Thercfore, evidently, we can
-réstrict: ourselves to ununmlal dxstnbumuu 14.1) and asswmne that all frwg,mems contain Imth ah
internal surface and.an-externil swiface of the shell:that is confithed indirectly by experiments.

oy " {41 conducted-for-such.tliin shells.

[ Let.an.area of an-initial external. Lm.,raugmu sutface of a frs wient be equal to s, its intéinal
Je. surface be.also equal to s ((ltw to.the slwll tlmuwss) and aren.of its lateral surface - 2ph, whete p
is the: semipetimeter of the contour s. The frugmoent inass is 1 = pols. therefore distitbution in
Z;r terms of miags (4.1) can be presented in the form of distribucion in ters of areas s of fragments:

¥ , N(< s)= Nafl - oXp(-—(-})")]. (4:2)

N Ny

L ‘ where 8. = i, /pol is the cliatacteétistic aren (it the fragment.
n : ' Nuitibér of fragments with ureiis & < » < & willho equal to:

. 1 N/

' * ,‘\"(,\" _<_ S __<_ S“) = ;‘\"u [(.‘Xl)(‘*(;‘"):\) - exp(-—(::—-)'\)]'

S Sy

Suppose now that from the tatal spectrum of the shell fragments with areas 0 < s < 7dg (dy is
the initial diameter of thie spherical shell) one ean extract K groups of fragments with aveas sy,
52y vy Sk Smin < 81 < 82 <oy KSR < Snary Smin and sy, are certain minimal and maximal
oo areas of fragments, Let all fragments with areas s, & ~ € 0.5(s; + ~2) prove to be within
) the group of fragments with area sy, all fragments with areas 0.3(s) = ~2) < 8 £ 08082 + 53)
prove to be within the evoup with arvea sz ete. up ro the group with avea ~ wherein there are
fragments with areas 0.5(sx—1 + 31) £ ~ £ Suray

Further in place of distiibution (4.2) the {ollowing, distribution will be used:

v: ' :V(( s) = 1\'0 [1 - (‘Xl)("“(‘::'iw).\)]‘ Smin S o < ~Smase (4-3)

[
Then the number of fragments of the group », (j = 1.2..... ') will be equal to

Y 0.5(s j=1 T3, } = Smin A
Nj = No(i3; = djg1), 3, = exp(=( - 1), (4.4)
¢ e
=102, K.
Here sp = 280 — 51. SNl = 2 mar = SN
System (4.4) of i’ equations for caleulation of the fragments’ number of the groups can be
complemented by the following two equations:
§ I
»N, = =dg. (4.5)
=1
i9
(
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~;I:;qg:ati(a)_p,V(,,{L.;gf)jui(gzi:;,-sinhzyt-th}f summarizediarea of external surtaces of the fragments is exactly

- : equal to the shell area: and.cquation (.6) nicans that the ¢lastic ehergy #dghpyEu (B = Eliz,)
i ... accumulated in the shellLy time © = £, spends-for formation of hreakip surfaces. The coefficient

Ta L k5z0< I\ES 1 r<>f%(‘}:§?‘itic ererey coustunprion forfornuition of breakup swfages is introauced:

. into:equation (£.6): Further 3 Was assuined in ealenlations that all dastic enegy sperids for

 formation..of breakup surfaces (i kg = 1) Hepein 4 is the speeiie energy. consnied for
:fgﬁi1§§i91;»y§)f:tllé ﬁ'ge Stt'ffac(' wit. p, is the semiperinicter of-a fragment of the-j-thr group.

‘ =L Onusmg (%:5): élgeéfdllg)\i'i;:lf.’,f‘é(’i{ii:itioi\i;:‘znll‘l);b ii(i‘iti'\"("(lﬁ»ff()]if“(*‘?.ﬁ:)f

-l

i S ( :
AN o PR
AT }"()E”" p = el
| SNl =B ) 20 (4.7)
: .* ‘ S , JEY LS
- Tofind (20 + 1) unknown variables p,. V. Ny there are only I+ 2) equations (+.4), (4.9)
MRENTR FRS Eowst . “l J j., A . l
and:(4:7): Seleet thefollowing particilar solitiohis of eqpiation (+.7):
‘/"LE I"I:‘ C A .
===, =LKL (4.8)
4 3
Physical meaniug of (18} consists in the following. Oueshalf of energy necessary for forination
of breakup surfaces swound each.j-th fragment with area 5, and mass i, is extracted from wass
- m; contained iuside-ghe fragment. aud the second ladf - from the outside (froni neighboring
, . fraginents). This is apparently a reasonable asswmption. ‘
. ‘ The rest of (IV + 1) equations (4.4). (4.9) eau be casily solved now. At first we find:
..d‘.!
Yy = s . (4.9)
. T" silis IR '
2uj=y il = i

and then according o (-4.4) all Nj can e determined.
¢ Notice that if we futroduce the non-dimensional cocticiont of shape &y = ~,/p [4.3). then we
will obtaiu:

- H

= BER) | (4.10)

~
™y
For plaie tigures the shape coefticient climnges witlin rhe limits

0<k, <1/x. (4.11)

provided that its maximal value is the one for a cirele. As follows from (4.10), fragments of a
greater area are less compaet, that is veritied by experiments on cylinders {4.8]. Small fragments
can be considered as plane ones. therefore the following restrietion from below on the fragments’

¢ area is derived from (4.11):
- . ,
‘ . ~) Z 7( ——-———) .
I’I)Et I"I'.'
that is necessary to take into account when s, is heing chosen.
It should be noted that if the characteristie lnear dimension of a fragment [, = 2s,/p, is
‘ introduced then it will prove to be that
[ = —
1= .
I'(lEt l"l','
20
¢
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1.8 the chara('wnstu‘ Tinear duuexmou of aill fmomvuh aloUps-is the siune. .md coincident with
sthe 0ne~0btamed at solutmn of the pmnlvm \\'lxvu all fragments aié assuméd to be the same

(soliution [4 3])

’
«
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?4 ’ The culdmg ‘paranietérs of the: problem- -
For the c<msxclew(l probleniy.on, shdl fragmentation there is.a nunber of parameters which cai

J)eu(hvxcled nto. tvo parts: pauuuem characrerizing the shell material (py, 1. 1, gty Juy 7
Dg).and: pardmeters:on: vhicha distribution of fragmenes in terins ofmass tm(s.). ) depeud%

Foi the known gonstructional inaveiials suels parameters as density under the norinal con-

. ditions, Po, sheai inodulus fi. heat capaeity at constanr Stresses o coetficient of voluiiietric

expatic fon qvp. static elasticity modulus in siinple teision Jy are table values, It is nasiivally
that i (lefonmug process. with timue,mg, teinperature T. density p: pressure, srowth of plastic
(lexormatxous the‘;e parameters olso ch.mgv Flow liinit J, and shear-modulus . ave assinied to
change.in-the dufmuune; Progess according to the Steinberg-Guinan model [4.9):

Ja (B ST = ).

Jo = T+ (1 = go(

']('l(l + Lu) ;‘. 'lr:ulr~

jt=y(1 = Im'(lu llg-—xT Tv)).

Here J§, yo are values of parameters under the normal conditious, &f) = 2|chl is the intensity of
plastic deformations: g, n, b, 'x‘ Jmar tre coustants of the mateiial. These constants for many
matéidals are presented in [4.0].

To deterniine dynamic viscosity of matetial 3 is more complicated. However, this paraineter
is also presented for many materials in the papers using the model of a solid deformablé body
qitick-response to deformation rate (f.e. [4.6}).

Parameter + (energy nevessary for formation of the hreakup surface unit) is also shown in a
number of papers (see, for e.\muple. [4.7. 4.8)).

Now consider briefly determination of parameter D, being limiting specifie dissipation (crite-
rion of the breakup beginuing). As it was noted in §4.1. parameter D, cau he determined using
the experiments on spalation breaknp in plane collision of plares and numerical modelling of
this process. It can be done by the following way.

In experiments a plane collision of two thin plates oceurs: wu impactor and a target (see, for
example, typical experiments {4.10}\. As a vesilt of shock interaction of compression and tension
waves, in the target under the certain conditions the region of tensile stresses expressed briefly
appears, these stresses lead finally to formation of a spalation crack and in a number of cases also
lead to a complete breakup of the target with withdrawal of u so-called spalation plate. Spalation
formation becomes apparent in the graph of dependence of the veloeity of the back target surface
on time w — ¢ vegistered in the experiment. Such typical experimental dependence w -t is shown
in Figure 4.1 for the case of collision of aluminium impactor with titanium target for two collision
velocities V4 = 660m/s and ¥y = 1900m/s; solid curve corresponds to experiment {4.10], dashed
enrve - to computed results (£.4]. In a parallel way numerical 2aodelling of collision of plates
is conducted using computations with explicit separationof surfaces of spalation breakup of the
target ( in detail see [4.4]). In one of the experiments by means of varying the model parameters
( in particular, the parametr D,) the hest coincidence of computed results with experiment is
achieved, and the rest of experiments are used for control of parameter selection quality. Thus.
for titanium in {4.4] the value D, = 73 kJ/kg is chosen that allows to deseribe quite satisfactorily
a number of experiments.
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Part ‘5. Fragmenits acceleration by gas cloud propagating into vacuum.

This part of our investigations is denoted to-obtaining, the rate of final velocity of fragments

formed by explosion of the fuel tmik after breaking up irs wall:  Using some assumptions, we

managed-to redice the miniber of dimensionless_governing parameters of the problem to 40 gas

adiabatic constant, relation of gas and fragient s densities. initial velocity of a fragment related

to*vtl‘}e«ﬁaylei"glx sound velocity and the generalized drag coefficient. We made computations for
sphetical.and cylindiical cases investiguting the vast: diapasone of parametets, obtained arrays
of 'the final-fragments velocities and then we managed to obtain high precision approximation
formuila connecting the tinal dimensionless veloeity of a fragment with the 4 parameters iien-
tioned above. To obtain'then the real velocity oneshas ouly to multiply it by the Rayleigh sound
velocity calciilated for the initial.parameters in the gas cloud,

5.1, Problem statement aid assumptions.

W‘q assume that the initial gas cloud is wniform and has o synmetrical shape (spherical
or cylindrical). For it propagates into vacuumn the disturbances in it decrease in the process
and usually after reflecting from the wall propagate ro the conter not affecting the fragments
originated from the broken wall so we asswme that the nowwiformities of pressure in the initial
gas can not affect heavily on the rate of the tinal resnlts. However we must at first obtain the
average rate of pressure and tewperature in the initial gas. We do it according to the following

formulae;
I n ? n

Py =fl'"1)(l1'</ r"(h')_|. T, = /:-"Trl:-(/ r"(h')—l. (3.1)
0 0

i] 0
where v equals to 1 for eylindrical case and 2 for spherical one,

We assume the initial velocities in the gas equal to zero.

The main assumptions concerning the frdgments ave the following: we consider that the
fragments affect on the gas much less than the gas affects ou the fragments so we neglect the
first effect. Then we neglect the fragments influence on eacli other. So we assume the fragments
independent and not affecting the gas motion.

With these assumptions we obtain the following mathematical statomont of the problem.

We will use the Lagrange's approach to the problem considering the mass of gas from the center
or the axis to the fluid loens as the Lagrangian coordinare. This approacls to gas dynamies is
widely described in literature (fie. in [3.1]). The Lagrangian mass coovdinate here is determined

as:
"

N = / l‘u/l(h'. (52)
I
At first we introduce the dimensionless coordinates and variables according to the formulae:
p=FRp, T=TT, E=E\E, p= oy 1= RE s = Sy3 ¢t =tot, v = Wy, (3.3)

where p, T, E. p, r. s, t, ¢ correspond to pressure. temperature, internal energy, deusity.
radius (distance from the axis or the center). Lagfangian wass coordinate. time and veloeity of
the gas. The scaling rates Py and Ty are considered to be the average pressure and temperature
in the initial gas correspondingly determined in (3.1) and the other sealing rates are determined
by the sequence of formulae:

R,Py . Py Ry Ryt P, by
dy = ‘ = sy f = —., S - 1) — . E = —-, !:)4)
Po T Tu 0 P 0 W o ‘"_ 0 Py
23 Typeset by AyS-TEN
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Here Ry = 8310 /(mol - 4v)-is the universal gas coustanr. 117 is the average molar niass of gas
At () ; A : = d LA 8D ) )

and Rn s the initial raditis of the gas clowd. .Oue can see from (5.4 that the veloeity sealing
rate is the Rayleigh sonisl vulpviby‘('nl(:ulzu.(-:l; for initial was parameters.

Below wesshall reniove tilde upon.lettebs iy, the formmlae assiuning all the parameters in the
¥as ;tr’)iii‘édiine‘i}sioiil@ss if not specially mentioned. - -

We have the balaiices ofunass: inpulseand cneray in the gas togethor with the state equation,
theintérnal energy equiation and the Eadler’s radiug equation in the Lagraugian coordinate system

(Es): |

04, 0 ey Bg e 2B 01
ey = w=={ "), P T R
Ot p" 0 Us ot Us at '”01‘.((»)
pE [;T; D = :,—:-f-_l- %}- =4, {9)

Hére « is the gas adiubatic ratio assumed to he constant.,

The bhoundary conditions are deterniined in the centér or ou the axis{s =0) and at the edge
of the gas-cloud (s =:sipar). Aswe forset that the sas propagates into vacuum the value of Sar
is constait in:the process, The value of s s 38 determinedsaecordiugly to the deterniination of
the Lagranugian mass variable (5.2): ’

Smar = /"',I"l"' £5.6)

0
So we have the following bowidary conditions to deseribe gas propagation into vacuum:
s=0: e=0 s=Ngart p=0 {5.7

The initial conditions are simple according to our asswmptions and the way of determining
dimensionless values (333): )

We can see that the solution of the problem in weneral in dimensionless form depends ouly
on the value of the adiabatic coefficient 4.
A fragment in the gas flow has the following laws of wotion (in dimentional variables):

tlu .0[) C',l dr
--:—-S-—-,,_r..__ - - ), — = 5.
m= barl = 3 Splu = eitu =) = (5.9)

where:

2
= Ceosa + (0 + —G—)L.xi:m. Ci=Cyla.f). f
1Ry
Here m is the fragment™ mass. u is the fragment’s velocity. s the area of one side of the
fragment, 6 is the fragment’s tuickness. Cy is the drag coctficient (assuming the velocities high
we neglect its dependance on the Reynolds mumber). $ is the effective area facing the flow, a s
the angle of fragment’s orientation (zera if it is faced perpendicular to the How), L is the effective
size of the fragment. f is the shape coefficient. Here we assume the fragments originating from
the thin membrane wall of the fuel tank with sizes much less than the diameter of the tank and
the fragment’s surface curvature radius equal to Ry.

24
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The fxag,nwnt in the fow rotates of conrse, bue we shiall assume that in its rotation the effective

orientation. to-the low o keeps its value. The shape coctticient £ never chianges in the process

for one fiagment. so we obtain that the value-of the expression (€4S5)/2 in the seeond term of
thiedipulse equation (5:97 is constai,
Thie initial conditions for the fragment in dimensional form are the following:

0=y, & = Rn. (:).10)

Usmg dunensmuless variables and considering the se alm" rate for & equal to Ry and the
scahng rate for « equal to Vg, we can rewiite the laws of motion (5.9) and the initial conditions
*(5:10)-for fragments- (reivioving tilde):

-

du 0 d
i 22 e (e r=r — G - . — o= . R ..-‘ 1 .
,_ s G= 0,, GBplu el(u = v), priak (5.11)
t=0: u=l, r=1, ‘ (5.12)

The dimensionless nuthbers G. B aud U correspoud to densities ratio, generalized drag coef-
ficient arid dimensionless initial velocity, and are determined according to the following:

G = Sdpa = - CaSRy U =g )22 (5.13)
m 1y A I “\ P .

The result we need to obtain is the value of fragment's velocity at the iufinite time from the
begining of the process, so it is independent of the time seale. We will note it i, (dimensionless)
or Ueo (dimensional). To obtain the dimensional velocity we must multiply clnuenslonless one
by Vo (Raylexgh sound veloejty for the initial gas paramercrs).

So using our assumptions we reduced the set of paramcters affecting the dimensionless final
result to 7, G, B, and U. Below we will deseribe the computational model obtaining arrays of
lico and finally the approximation formmla taking iuto account these four parameters.

5.2. Numerical model for gas cloud propagation and fragments motion.

To calculate the gas motion the numerical magel was wsed doseribed in [5.1). We used the
differential nevwork of N = 513 nodes {~p}, b = 0..... N ~ 1, cach node corresponding to a
definite value of Lagrangian mass coordinate. The network was built uniform relatively to the
initial state of Eulerian radius (nun-uniform relatively to the Lagrangian coordinate). We used
implicit scheme to approximate the gas dynamies cquation and a “plain iteration” technique to
solve the problem on each step of time, :

Actually, the transfer from the n-th to n + 1-th time layer is obtained from the equations
(5.5), boundary conditions (5.7) and initial conditions (3.8) and looks like:

n+l n
UL' iy’ RL‘ ntl ntl
i Fpp i) =00 k=1..N-
™ T hk'i‘"k-l(p - Pp :—l Pk~ Prey) =0 A 1 1
Iu-H P
et 030 e ) =0, k=00 =1
n
1 n-1 1/p% 0.5 ’ )
—L’i-—;-«/—”— - —(R ) i) = BT 2 of)) =0, k=0...,N =2
n
Eptt — ER + 0500 + )1 /ptt = 1/p8) =0, k=0, N =2

25

e o -.wf -
%
%

: ‘.'

e o,",..,wmmw‘.,“m,.v. -




-—7-'3"-1! s \ N " - !; e . B B . pe B33 7y ‘\.3:“,.,\..,”
< P - - “;——;“. - R .
) il o,
S )
L S
Y ~"n ) ~ .
% 4 i : S ‘5‘:’;.”2’;:."3”“:.3&;. e e “”“ R B T L T B Y T e s U WP B R P S L LR L A T I S
As e B el n+l .
H P o - (I' ¥ I (;" )/ =2 . -
H ~ —— ’ '!" . <. e - .
: - Rk { (,-!"f" " ,-")/h' ‘ , = 1 ] . I- — 0. cave :\ - 1 .
. ‘ . I - e = 1. .
,-,~‘ . A Pyl - pudl . 141 _ ol i i . A i
j ¢ . T/ T = E" (r = 1) pl =T,y . k= 0.0V =2 (5.14)
P Here the values of vq. ry. I"g are caleulated in the b-th node sp of the differential scheme.

thie other values are calculeted between sy and bt by = Ut = ke T is the timestep value.

In order to supress oscillutions we nse-artitic ial Slewmanis viscosity, adding it to pressure iu
N . the nnpulw equation: it is cale ulated by the sequence of formnlae berween s and sg d(‘(()l(llll"
‘* fO {031).

= v

e

n4}l N-H n¥l . u-rl
Vigt = Uk e (rig) +ra //1;,-.

, (l.:/
' A ((’1,-::) u+| )/l”” =2,

rv=1.
i = Iy

)

Lo Ay —4) { dud,.. do < 0.
k N2, d, >0,

The boundary conditions in the differential sclieme are:

‘ l",’l+‘ = 0. 1,n+l = (. "“{":'l = {. (5.16)

The initial conditions:
W=0. =1 Ti=tl El=1(v-1). k=0..V~-1 (5.17)

The algorithm realising tlw scheme (5.14-3.17) is deseribed in [3.1). We used the simplest
techniques of "plain iteration”: it requires the woditicd Courant criterium for the timestep rate.
Actually e used the criterium tuking the Nenmann's viscosity aud possibility of breaches into
account:

>0 0200 =it g

. where
L=0: 0.2 'H /uu

\/

‘ e

";' o) pt et ST '¥+'+ l‘f'

]
" u (l+l)+‘ _1) o "'H “'IIHI!{ i‘ (‘L’+l }‘ o |+..)" > 1. o ‘
ar = ¢ VUL

n4l w4l u+l "+l u+l ndl = 4
Pyt F +1 1 Dy +“’u—| » - ©ou
' \/‘m"“’ = DR el ) T SR

(0-18) .
To calculate the fragments motion we nsed the ™ prudivmr -cotrector” techniques, or the modified ‘
Euler techniques of the second order approximation [3.2). We calenlated the fragments motion .
on each step of time after caleulating gas motion. so we wsed the same rate of timestep. As the ‘ '
fragments do not affect gas and each other-in our model. we treated a big number of fragments ‘ }
with different parameters simultaneously. k
Actually to obtain arruys of iy we examined the following diapasones of parameters: G= , RTE I o
10=* = 1072, B = 10 + 1000. U = 0+ 1. There were 7 values of parameters taken from each D
diapasone including the lowest and the highest value, so 343 model fraginents were examined in
q each calculaticn. Actually the set of values wsed in caleulations looks like: »
G;i={1-10"*2-107 3-107 1-107*. 2.107% 5-107". 1- 1074},
B; = {10, 20. 50, 100. 200. 500. 1000}.
Ui = {0, 1/6. 2/6, 3/G. 4/6. 5/6. 1}.

-
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3N
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The ca culatxou useli dependv(l also on the xaliie of .uul ot the tpe of. geometry (spheticad

o e W

o Tox cvlmdncal) xe on v, So we m.ulv (‘al( uldtmns im v = 41200 1250 1,33, 1.40} and for
ol fboth~p,eometru{ «

Such a. low uumlm of (lum'nsumless pataineters makes it possible to try to obtain approxi-
. anatxon fonvmm fm o usage of this. foimnla. cairsave caleulations time, Tliis formula needs to
De- precxs"' enough i bhe dinpasone of: Pparanteters wentioned above:

. To obtam the formuda e usedamininil-sguires ree lnnqm-\ however slightly inodified. Let us
L Amvolvewthe following notation:

ﬁNtll = sk ‘]umu E,[I‘-(”‘A’""G‘B.L»).

R

where the: fivst terin is the caleulated array,iudexes 7, jo & correspond ro the values of Gy B,. Uy
uséd'in caleulations. aud the secoud oie is the. uplm)\uuuuvu function we need to obtain. The
*mnumal,aquareb t,ec,luuquv.\ requires us to winimize the fanctional:

o os U ‘,:..i:" ” {1 III'G"B ‘(‘ )
«I)-—ZZZ< - ".,.IJA = L)

i20 j=0 kx LAY

‘ For we have caleulated the array 17 for cortain values of 4 and », then we need to suggest a
set of W foriulae for these values,

We suggest the following formula consistiing of 10 coetficients:

CuC’IB + C G

!

’ ,

W= ”1+ GO FC c,+cc PO
T3 CCB T oG 1 Gl T+ Oyl

We have solved the problem of ® value minimization for the values of ¥ and v mentioned
above. As the minimum is close to zero. then to find the values of €, array with maximal
precisity we actually minimized not ¢ itself but:

{ log @, ¢ <1,
P =
¢ -1, ¢ > 1.

-

We applied the heavy ball technigues to obtain the minimum of ¥ [5.2. The techniques of

gradient slide [3.2! hete is less availuble. for the 10-dimensions ¥ lupmsuzhu ¢ has narrow gaps
and therefore t,he gradient slide requires much more steps to find the minimum.  In order to
optimize the process of minimization the friction coefficient was ditferent for different directions
and it raised automatically wich oseillations of the “hall”,

Our results arve shown in the tables 1-2

i3
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17 3:53500=1 | 330081 . 30a5ec I 1 30000l _

L] 000200 | 1.63SGex0 . B LGS43c#0 | 1.71dlexl

2442001 | -2.353Ge=1 f  2.1388e-i - -2.0802c-k

_2:008%e=1 | 2.5336¢-1  ;  2.4998e-1 | 2.4783e-1

1o Ca | 324816H0 [ 40508c%0_ | L06r0ck0 | 3047520

L Ca 0 1A080ee0  F O 14500c0 4 14005040 f  1.527dex

LG L 6012200 15319¢#0. ¢ 1ASTSe+0) | LA8Tletl)

Co . 1.8287¢-3 1 LOWle=d  § 1.710%e-2 b 1.7978¢-2
Cr.. 1. L1630e%0 | 1.2033¢x0 | LIS43e+0 | 1.2078e+)

Gy | -GOS08e=L | -3858%0-1 | -5.9738v 1 | 5354861 _

& | 490504 | 5d0cd 1 56304 | 5000+

Tobl.l. Cocfficients for sphevical case (1= 2),

. S0 oy 183 12 1 120
Lo | 48010e=1 ) 400de-1 4 5.0207¢-1 | 5.0726e-1

L L7300e+0 1 16SSe+l) 7} 1.8123¢+0 i 1.8410e+0
o | -1.6881e=1 1 1.6320¢-1 ¢ 1.9020¢ 1 _1.0540e-1
Ch 3118%e-1 {1 3.0727e-1 1 3.0166e 1 2.9786¢-1

A 1.5203e+0 1.0303e+U | 1070140 1.61600+0
Cs | L2000e+0 12203640 11730040 1.1426040
Ch 1.7082e-2 o L8213e-2  }  1.9G54e-2 - 2.0694¢-2
Cq 1.1118e40 1.1133e+0) 1.1252¢4-0) 1.1310e4-0
Cs ~5.20950~1 | -$.9499¢~1 - ~4.6385¢-1 ~4.43320-1
Cy. 2,4704e40 | 24672040 2.3980¢+0 ~2.3645e+0

¢ 9.28c-4 0.93¢-4 1.08e-3 1.14e=3

Tubl.2. Cocfficicuts Jur eylindrical cose (v =1).

It can be noticed from the rables 1-2, that the precisity of approximation is high so that the
rate of relative precisity of 1% iu the examnined diapasoue of parameters is guaranted (actually
the precisity is much higher).

To obtain the approximation formmla takine + info aecount we use the Lagrangian polynon,
so that if 77, is culevlated for =, according ro the tuble 1 or 2, the value of B for v is caleulated

(see [5.2)):
H

! H¢ =)
- p=0gFmM .
=)y = W,

= H (‘.,'lll - .1’

=0 %m

This approximation formula is rhe main result of rhis part of owm report. It can significantely
simplify the calenlations. To obtain th dimensional vidue of the fragment s final veloeity one can
multiply TV by the value of Rayleieh sound telocity eideulated for the average initial parameters

in gas:
. P
un = 17y —.
'y
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Part 6 ’I‘est cases, - 1esults and- dxscussnous.

o Tl

The tésts. of the . tlwmetu'\l mocld <lmvlopv(l were pw.imuu(l for the cases of detonation
propagatioit in. hydrogen-oxygen aixture ina exlindrical container with thin walls, The

-

parameters: «of the-container and: the mixture were, chosen unu'\puu(lm" to-the expérinients
describedkin. {4.1).. Siiwce the initial pressurc. in the tuik i i> not so high it was considered: that

at:the initialinstant. (£ = 09 the shell is alastie. Under this assumprion. the, xumal conditions

- At =.0) for. hhe shell are-the following;

Polo o~ . T8 L T4

PR
—

,2/1 :

1k

vy
€
Al

o™
-

.:’Z = W= rgEg r =g Eoun
E = 1+ z\l)(‘):ﬁ)(-).ﬂ =1) }/’,”.

D=0 p= ml{=2:4)

whete 7y = initial radius of the sholls @ - displacement,

Taking into account the restrictions-on the minimal fragments” aren obtained in §4.3 we
assume that for the sinallest fragments their aven is s, = 27 (=<2 ML' )'}.

Totally ' = 20 groups of fragments wore regunrded iu the model. The areas were equal
to s; = sj-p - 10, = 2,3,..20. The propertics of the materials of the shell were the
following: p =2700-kg/m?: pp-= 27 GPa: eq = 024.3 J/kg K, = 6.72. 1073 K1, Jo = 0.29
GP&. Jmaz = 0.68 GPau: 3 = 125: b = 0.065GPa"": \ =62 107K~ n=0.1.

The data ou chemical properties of combustible mixture iside the tank. energy release,
combustion rate, activation energies and DDT process is shown in the table Fig.6.1. The data
corrésponds to the hydrogen-oxygen mixture similar to that used in the experiment ESOC-2
[4.1). ‘ .

Initial conditions: geometry of a fuel tink and physical properties of material are shown in
the table Fig.0.2. Recalenlated properties of mixture: initinl and final equilibrium states - are
shown in the Fig.6.3. The key parmmeters of detonation wave propagation and its reflection
from the walls both for eylindrical-and spherieal tanks for the given initial and boundary
conditions are shown in the Fig.6.4.

The pressure - time diagram of wall loading is shown in the Fig.6.5. It should be mentioned
separately that initial time (¢ = 0) on the diugram for the case of detonation corresponds to
the moment of the onset of detonation and not to the time of ignition as it can be easily seen
from the table (Fig.6.4).

The key parameters of the shell-under the influcnee of the loading are shown in the table
(Fig.6.6). It is seen that hoth for eylindrical and spherical shells the fragmentation oceurs
under such conditions.

The Fig.6.7 shows the diagram of the totaj number of fragments of different mass originating
as a result of breakup of a eylindrical and spheical shell. The total number of fragments for
cylindrical case is larger thau that for a spherieal one due to the particular length/ radius
ratio for the eylinder (see Fig.6.2) that gives a lareer swrface in comparison with a sphere
of the swme radius. The experimental results on distributions of fragments’ number versus
mass are shown in the Fie.6.8 (experimental data {4.1]). Comparisou of the results shows
that for the part of spectrum coutaining large fragments coincidence is rather fine. A slight
difference for small fragments (theory gives a larger munber than the experiment) can be

,% 9 Typeset by AxS-TiX
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e‘cplmned by thefact thait in courseof, tlu*v\pvmm'ut\ not all the ftagments were- mllec .
It i is-meinitioned.in 4. 1] that for the test case ESOC-2 1.3% of the total mass was lost thiat
equals about 20, grams. le existing ditferetice of mass for small hanuwms in theoretical and

"expemnenml fesults s inuehAvssothathat ¥alne.

The plots of final. velocity of inw,nwuts versus mass - for dd‘h'wut «mt,les of ‘otientation ot
fragments ate givew i the Fig:6:9. Tlie-coincidence of final velocities and:breakup velocities
of. fragmeuts (Fw,i; 6): with the v\pvmnvnml it {4.1) s wilso Hie,

The Fig:6.10 shows the total. mometionm distibrition of frugments versus mass for i
dncal and.spheiical casesfor different aigles of orientatjois.

To demonstrate the influeice of the type-of the process of energy release inside the tank
the iiext set.of figures illustrates the lires dkup of the sue fuel tauk in cases the pure combus-
tion (deﬁagmtwn ) takes place inside the tauk (Figs.6.11-6. 16) andl deflagration to detonation
transition takes: place near the walls of the tank (Figs.6:17-6.22), For the last case-an ovei-
dnven (strong). detonation. wave reflects. from the wall.and pressuie after the reflected wave
is lugher (Figs.6.17..6:18) than in case of normal detonation (Figs.6:4: 6.5). The wall loading
for DDT process ditfers for éylindrical and splierical cases (Fig.6.18). As o result a larger
amotunt of elastic energy is stockpiled Ly the thue of breakup (Fig.6.19) and thie number of
fragments increases (see Fig.6:20). Maxitnum munber of fragments is moved in the direc-
tion of smaller masses (Fig.6.20} both for eylindrieal and spherical cases. The final velocity
of fragments (Fig.6.21) is higher than in ease of normal detonation and it doesn't depend
practically on the orientation o« fragment. Total momentun of fragments also turns to be
higher (Fig.6.22):

For the case of deflagration wave pmpngutmg inside the tank the final equilibrivm pressure
in the tank is the same as for detonation but it needs a longer period to reach this pressure
(Fig.6.12): The vesults show that by the time of hreakup clastic energy stockpiled by the
wall is nearly the sume as that for the case of normal detountion (Fig.6.13). That leads
to practically the smme fragmentation picture (Fig,6.14). But final velocities of fragments
(Fig.6.15) are less than in case of normal detonation.  Orientation angle of fragment in
the expanding stream of reaction products plays o more important role for this case. Total
momentwn of fragments after the breakup is less than in case of normal detonation (Fig.6.101.
The results show rhat the angle of ovientation of fraginents ju the expanding reaction products
plays the most important role for the case of slow loading (deflagration) (Fig.6.16), plays
smaller role in case of normal detonation (Fig.6.10) aud practically doesn’t influence the
results for the case of overdriven detonation reflection in DDT process (p.6.21).

The results of numerical modelling show that the hreakup process, the number and mass
distribution of fragments. and their veloeitios differ greatly depending on the rate of energy
release inside the tank and this dependence is not monotonous. For the lowest (deflagration)
and highest (detonation) rates of energy release the mumber of fragments is less than for the
medium rate of energy release: i.e. deflagration to detonation transition. Maximal fragments’
velocities and the time before the breakup for those thiree cases are illustrated by the following
table for cylindrical symmetry. .

Parameter Deflagration Transitjon Detonation
process
breakup
time (ms) 7017 4272 1029
maximal
velocity (m/s) 200 | 2500 1000

.‘ *
w0
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Thl&‘ d(*p(*u(l( uee-of bcakup characteristies onthe raie of the-cuciay release inside the-fuel
mikidsstoodlatge to-lid neglected, as Jt was usually done before.
The ne\t setles of uiitiiefical oxperiments was-devoted to testing the so-called “similarity

- paraineters” for life: Ky ot fiiel tank 4. 1] The similarity patameter was supposed to he
'1101’o/h £ A =eonst, It Was supposed in 4 li that for the constant xalues of similarity

pauamctexs the- iitiber of- fraginenrs aid thieir Riml velocitios remained: constant and masses
()Il ge‘h'mm'uts «reW i propoifionally o the grawrleof the volume of-a.shell's material.
Figs. 6.23 6.24 present the resiiles. of ¢ aladdations for the case-similai to Ec()C 2 but with

\proportunmllv fticreased radial (lunvusmus of the shell and thickness: 29 = 130 sme b = 2

. (T case ESOC2 we had ry = 30 suit b = 0.5 awin). This incronse of dinensionsof

*the tank preseives nhe similariey paii unv"u-x A constant, It-can be seen. froni Fig.6.23. that

the- munl)er of fragiments. iictensid: vswundllv contrary to predictions, The increase.of final
velocxty is thote-than 20% (see Fig.6.24). Smallfraginents linve more strong dependence of
velocxty on the: nueutdtmwum,le

The imass of Targe h' iginents rln(‘ to the pie icdiefions was o e m‘ 17 times. hut it inercased
only 850 tinies ( conipage” ‘Fig 1g5:6: 7 nirdd 6.23%:

Thii§ the results sliow thut thiere eanior dxist similarity pavaimerers.for such o complieated
phenoiiienn as hreakup of o fuel tank dnd sealing of model tanks is o very difficnlt procedure,
To apply the results of model experinients to the veal fuel tank it is necessary to make use of
general theoretical model of the fype we deseribed and not simple sealing parameters,
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.»chstnbutmus aindl.
lmsxde the tasik, for constant: total 'l‘;
release is llullll'tlzdt'ﬂagldtwn {or. mmbustmn) the madinm rate - deflagration: to detohation
transitioi, the: lue;hest rate - detonation, It.is proved theoretice lly that the depeudence of the

combination of complicated processes:of diffekenr. pliysical nature, That is whiy there exist ¢
Jot:of: dunensuuﬁvs\ sumlumv pavameters and:dt is uupnwhlv ro satisfi all of them without

B T p——__ s
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*& the()wtxc il nmdel of . medl\up of a. fuel. t.ml\, of : space ve dije lv as.a result of chemical
eXp; slon is: \\m'l\(,d ot l. (mnpmm pme,x.uu im uuuwnml xunulatmu of the proeess is

The xesults ()t nunwucal modvllnw -lm\y thdc rlu- bu- duu) process; the numbet. ‘fiass
elocities of hae,mouts differ srearly de pmdmﬂ on tlie tate of eiergy telease
T wequiw \lvur of the explosion. The lowest rate of energy

main. ln'eal\up patameters on:the rate of. tier L,\"wlvz\w Is: uoulumzu and it is not wiohototions,
Tlms dtds: LRCESSALY tO, take it into account. and use the wml\ed out mimerical model to
«.alculate thiehir eukup Jaranietérs.

Tt .is pmved that there cannot caxist any nuique similarity criterjon tm the: pmblmn of
lueakup of & fuel tank as a resilt of cliemieal explosion. The hwai\up phenomenon is a

coming to i mntradmum. Thns sealing of moded experiments is impossible withoe making
use:of -a profound theoretical and numericil model of the type deseribed i this report.

Some of the important stages of the process cuir be tlie topies of further investigations.
More complicated geometries of the shell will lead to new probleins. The presence of weak
zones in the shells of variable thickuess can lead to a completely different scenatio of breakup
in cases of slow and intense loadiugs, The hreakup sconario for diffevent combitiations of the
vagiations of shell's thickiiess (shell nonmitormities) aud rates of energy release is also to be
investigated.
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Dimeusiouless pressure on the wall per time
Pressure
9.7% < Cylindrical

:: ;{// Spherical

8.78 | “{
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Editing reaction’s data, <ESC> to confirn
Input data on the chemical reaction stoichionetry

Brutto reaction elements: X1 2+ X1 0
X1 - fuel, X2 - oxidizer, X2 1+ X2 0+
%3 - reaction products, X3 0+ ==> X3 2+
%4 - neutral component. X3 0 X3 0

Input data on the reagent’s properties
Holar mass (gsmol):

X1 2.00 %2 32.00 %3 18.00 X4 28.00
Initial volumetric concentrations:
X1 .6667 X2 .3333 %3 .0000 %4 .0000
Initial adiabatic ratio:
%1 1.40 X2 1.49 %3 1.33 %4 1.40
Final adiabatic ratio:
X1 1.33 X2 1.30 %3 1.20 %4 1.32

Input data on the reaction energetics and ignitivity
Reaction heat rate, kd/nol Activation energy, kd/mol

118.600 70,000
Predetonational length, cn Def lagration speed rate, cn/s
12.000 1.000
Unsteady detonational length, cn Detonation's formation length, cn
10,000 2.080

Ly
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Editing conditions and geometry data, <ESC> to confirm

Input data on initial internal conditions

Initial pressure (bar) 4.160 temperature (K) 236.0
Input data on geometry
Fuel tank radius (cn)  25.0 , length (cm) 125.0
Input data on the membrane wall geometry & thermodynanmics
Thickness Density Heat capacity Uolume extendibility

mn: .50 gsem®3: 2,700 J/(kgeK): 924.3  (1/MK) 67.20

Input data on the stresses modules & viscosity
Shifting module Elasticity linit Max. elasticity limit
GPa: 277000 GPa: 290 GPa: .680
Hembrane dynamical viscosity (kNws/m)  100.0

Input data on Steinderg - Guinane model constants
Beta 125.0 b (1/GPa) .06% h (17kK)  .620 n 100

Input data on destruction criteriun
Haximal dissipation (ki/kg)  30.000

Energy per breach square unit (kd/n"2) 108,000
Fragmentation: charact.square (cn®2) 4.000  expon.paraneter .90
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Internal process resuits ,
—Concentrations of reagents ‘
13! X2 13 X4 g
Uolumetric initial concentration .66670  .33330  .00000  .00000 o
Hass initial concentrations 11112 .58887 .00000 .00000 ’.
Uolumetric final concentrations .00814 .00800 .99985 .00000
Hass final concentrations .00001 00000  .99998  .00600
flolar masses of reagent nixtures, g/mol
Initial: 11.9 Final: 17.9 »
————=5pecif ic heats of mixture at constant volume, J/(kg*X)
Initial: 1731.3 - Final: 2308.5
fidiabatic ratii of mixture
Initial: 1.400 Final: 1.200
Reaction’s heat release
Release per mol (kJ/mol): 117,988  Release per mass (kdskg): 9833.169 »
tquilibrium final conditions
Pressure (bar):  52.673 Temperature (K): 4432.0
Type of the process inside the fuel tank
Normal detonation
Press any key to continue
| ' @
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' Internal process results (continued)
: Time-pressure characteristics of the process
)
Cylinder Sphere :
Pressure (bar): !
Initial 4.100 4.100 i
Before shock 4,100 4.100 »
- After shock 194.385 194.385
After reaction zone 93.064 93.064
After shock’'s reflection 1376.750 1376.750
- After reaction zone's reflection 229.173 229.173
. Final 52.673 52.673 >
Detonation’s wave velocity (km/s) 3.015 3.015
Tine intervals (ms):
Ignition -~ detonation origin 1028.829 669.462
. Detonation origin -- reflection 043 .043 »
Reaction zone near the wall duration .009 .009
Relaxation tine .082 .082
Active pressure increase duration 092 092
Press any key to continue
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Pressure on the wall per time
Pressure (bar) .
2000 - Cylindrical

1898 - Spherical

1+

1600 -

= 1408

4

1208 +

~ F i! :

‘ 1008 -

o

08 |-

608 4

L) 494 | : »
+ . '\\
208 -+ N

- T
+ "\"‘\__

9 - i . } 4 . + + - e + +aTine (ms)
,008 .913 .827 .840 .054 .07 081 095 .188 .122 .136
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Tank wall breakup by internal pressure increase results Q
| Loading on the uall ‘
Cylindrical Spherical ‘:
: Impulse per square (barxs) . 011871 011871 ;
q Dissipation per mass (kdskg) 36.5492 36.5492 i
: Elastic energy per mass (kdskg) 78.7556 78.7556 »
] - Final density (g/cn"3) 1.9131 1.9131
Final velocity (n/s) 973.4301 973.4301
\ - Loading time (ns): .2001 .2001
" Wall destruction time (ns): 1232 1232 >
: Fragmentation occurs: - Yes Yes
e [
Press any key to continue
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Fragments final velocitly
U (kw/s), cylindrical V (km/s), spherical
2.00 . 2.8 Orientation
1 ! 1 angle
i
1.80 . 1.88 l
i
T T I
1.69 1.60
1
1 1 45
1.40 1.48 60
4 T 80
1.28 90
1.88 U R
)
T T I
.68 .60
4 ; 4
.48 .48
.28 .28
.88 .88 Log18(M)

-6.00 -4.50 -3.00 -1.58

—

/7;/-,

.00 -6.08 -1.50 -3.00 -1.58
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l/, Fragments final total impulse i @
{ MU (kg*m/s), cylindrical MeU (kg*m/s), spherical [ ’
588 500 ! Orientation :
angle g b
/ T T ? I Y (%)
458 . 450 , h
I ; :: z‘
490 400 | . .
¢ i 1 | i
358 358 | 49 »
bt [ 60
1 + 80
300 308 90
250 258 :b

{ . 1 J N 1
! NI

| T T '

0 (2] Logi8(M)

-6.08 -4.50 -3.880 -1.58 .98 -6.80 -1.58 -3.08 -1.58 .80
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Internal process results (continued)

4 Time-pressure characteristics of the process i“f
Cylinder Sphere
Pressure (bar):
- Initial 4.100 4.100

Before shock 4.100 4,100

¢ ffter shock _ 4.100 4.100 [
After reaction zone 4.100 4.100
After shock's reflection 4.100 4.100
After reaction zone's reflection 4.100 4.109
Final 52.673 52.673

¢ Detonation’s wave velocity (kms/s) .000 .006 »

- Tine intervals (ms):

Def lagration process duration 7017.515 5296.636

¢ » O

Press any key to continue

¢ »
/’“;5/ ¢,/ 7

¢ ' »

¢ »

¢ »




B i e R T T PPy Sy R

Pressure on the wall per time
Pressure (bar)
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Tank wall breakup by internal pressure increase results
Loading on the vall
‘ »
- Cylindrical Spherical
T Impulse per square (barws) .010069 .010069
B Dissipation per mass (kd/kg) 37.4761 37.4761
Elastic energy per mass (kd/kg) 78.5999 78.5099
Final density (gscn™3) 1.7791 1.7791
¢ Final velocity (ass) 877.4780 877.4780 [ ]
Loading time (ms): 2871 .28
Wall destruction tine (ns): 1911 1911
. Fragmentation occurs: Yes fes ,
‘ » ©
Press any key to continue
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Number of particles diagrammes
Log18(Nunber)
3.8804-

2.78

-+

- 2.40

2.10 ¢

-+

1.80 4

1.5+

-6 .80 ~1.808 -3.600 -2.480 -1.200
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e —-L0g 18 (M)
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U (km/s). cylindrical
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Fragments final velocity

v (km{s). spherical

1.60 1.08 Orientation
1 i angle
Tome=mimt o K i

.98 4235 .98 4os -

.98 .80 i
4 i 1 K

45

.78 .78 60
T T 80

.60 .68 90

.58 .50

.40 .40

. .38

. .28

.18 .18

.00 -.00 Log18(M)

-6.06 -4:58 -3.96 -1.56 .08 -6.080 -4.58 -3.08 -1.586 .00
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Fragnehts final total impulse

M»V (kg*m/s), cylindrical
568

458

-+

400

358

300

258 i

] 1

] \

ol 1|
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MW (kg*m/s), spherical
08

458

400

358

Joe

250

2008

150 A

wl | I

_—__JL‘""

o] [

9

Orientation
angle

Logl18(M)

-6.08 -4.50 -3.08 -1.58

.00

-6.88 -4.58 -3.80 -1.58
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p Internal process results (continued) .
- Tine-pressure characteristics of the process ’
Cylinder Sphere
. Pressure (bar):
- Initial 4.100 4.100
f Before shock 22.194 17.186
After shack 667,276 553.164 ’
After reaction zone 323.792 267.774
After shock’'s reflection 4431.610 3715.508
After reaction zone's reflection 780.481 647.921
Final 52.673 52.673
¢
Detonation’s wave velocity (kmss) 3.059 3.051 ’
Time intervals (ms):
Ignition -- detonation origin 4271.789 2994.654
- Detonation origin -- reflection .006 .086
) \ Reaction zone near the vall duration 015 014 ) ®
Relaxation time . .081 .081
fictive pressure increase duration 097 .096
Press any key to continue
! ]
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Pressure on the wall per time

PP T T,

t Pressure (bar)
5608 4 Cylindrical

«Q 3 l
4500 - Spherica

E 4800
! 1 )

3508 h

3000 -

2588 4

2008 -

1508 +-

pe

1000 -

-+

500 <

T ¥ +—Tine (ms)

t Y

.879 .89 .181 .113
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Tank wall breakup oy intermal pressure increase results
Loading on the wail

Cylindrical Spherical
Impulse per square (barss) .031508 .026749
Dissipation per mass (kd/kg) 33.1112 33.5926
Elastic energy per nass (kdzkg) 94.7972 89.5447
Final density (gscn®3) - 2.1292 2.1175
Final velocity (m/s) 2580.6010 2172.97%6
Loading time (ms): - .0590 .0666
Wall destruction time (ns): 0337 .0366
Fragmentation occurs: Yes fes

Press any key to continue
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Number of particies diagrammes ;- ,
d Log18 (Nunber) b
3 3.00- :

' y 2.7+ !

E 2.49 4

¢ T >
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Fragments final velocity ‘
¢ ¥ (km/s), cylindrical VU (kn/s), spherical .
5.80 5.80 Orientation
- 1 1 angle

4.58 4.50

- -+

= 4.08 4.00 At

3.58 3.58

3.08 3,88 i 90

2.58 2.58

2.90 2.08 !

- 1.58 1.58

1.08 1.00

D ¢ ' 1 i » O

.58 .58
.00 - 00 Log18(M)
~-6.80 -4.58 -3.60 -1.58 .00 -6.08 -4.58 -3.08 -1.50 .08
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M (kg*m/s), cylindrical

AT Vem MerfatacmnisL T, 6 o L e e

Fragments final total impulse
MY (kgwm/s), spherical

1609 18008 Orientation
- i ‘ angle
998 988 ‘
200 800
4]
[ ﬂ T 45
708 708 T 60
1 L1 1 | 80
608 T 608 i 90
T T i
508 L) ;
400 400 }ﬂ\.\
300 1 308 L
208 JJ 200 o E
i | i J |
100 JJ 108 JJ - |
2 e d .8 & Yond ; Log18(M)
-6.88 -4.59 -3.88 -1.58 .48 -6.98 -4.58 -3.88 -1.58 .08
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9 Nember of particles diagrammes '
Log18 (Number)

4.00 -

{ 3.68 4 : . .

3.20 4

- 2.88 4 : L

! 2.40

2.80 4

. ) ,h”;f;”l!’ ., , i ~ ) :.’ . —*—LOG’»O(") . .
-6.008 -5.08 -4 .08 -3.00 -2.00 -1.00 .80
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Fragments final velocity
VU (kn/s), cylindrical U (km/s), spherical
2.88 2.90 Orientation
1 1 angle
1.88 1.88
1.68 1.68
1 1 )
45
1.40 ‘ 1.48 60
4 \e\” : 4+ N 80
1.20 1.208 90
1.88 1.69
.80 ~ .89
.60 .68
.48 .48
.28 .28
.08 .00 Log18(M)
-6.08 -4.80 -2.00 .00 -6.88 -4.00 -2.08 .00
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Appendix. User’s iustruction.

The program calculates prediction of fiasments nunier. mass-number distrzbution. rinal
velocities and momentum deperzding on combustion process 1 the closed vessel of sim-
ple shape - cylinditeal withh hemisphencal edees. The theoretical pmt of caleulation is
described i1 the report.

The program requires IBM AT or compatible 386/87 or 486 with VGA/SVGA monitor.
MSDOS ver.3.30 or higher and 640K memory.

Minimai set of files:

FTB.EXE - program itself

14FONT - font for giaphic applications. In case of abseence of this file the program in
graphic modes will use defandt text character fout hut with less aceuracy.

Extended set of files:
*INI - user-named files containing initial data information.
* RES - user-named files containing results of caleulations.

Process of caleulations deseniption,
0. PRELINIINARY NOTES.

The program is controlled only by keyboard with no nse of a mouse To print results some
external resident program is needed (sucli i program mostly uses < Print sereen> key to
be activated). If you want to take some puinted copies from the plots vou must run such
a program before.

1. START.

To start the program. one should ran FTB.EXE. After the first sereen appears one can
press <ESC'> to exit immediately or any other key to enter the INITIAL MENU. If the file
14FONT doesn't exist or the system cannot aceess it or if there s less available memory
than needed. then the warning messaee appears ou screen:

- "Cannot access file or allocate memory for graphics tout data”

Then the system anyhow changes to INITIAL MENTU,

2. INITIAL MENU.

This menu contains 3 items:

DATA FROM FILE. INPUT DEFAULT DATA aud EXIT TO DOS. Navigation between
items is performed with <Right> and <Left> kevs. To choose an item one should press
<Enter> key. The <Esc> key here s inavailable. The primanly active wem always is

INPUT DEFAULT DATA.
2.1. DATA FROM FILE.

The system asks for the file name (withour extension) where to use initial data from. Then
it tries to open this file with INT extension-and to vead initial data from it. If this file
doesn’t exist or the access is denied then the system savs “Cannot aceess file” and remains

in the INITIAL MENU. Else it reads the imtial data and changes to INITIAL DATA

68
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EDIT. Note that the filename then tuins 1o he acnve

2.2, INPUT DEFAULT DATA.

The systemn just simply changes ro INITIAL DATA EDIT. The active initial data (defanit
or previously read from a file) gets a chance ro be edited for new caleulation.

2.3. EXIT 7O DOS. (See FINISH).
3. INITIAL DATA EDIT.

At first the system opens w screen to edir the followine list of data (Hrst input screen):

- data on the chemical reaction stoichiometry: stoichiometrie coefficients of the chemical
reaction in the vessel. initial and final. for the st of generalized components - fuel, oxi-
dizer, reaction product and neutral:

- data on the reagent’s properties: molal masses. witial volumetric concentrations. initial
adiabatic ratio and final adiabatic ratio:

- data on the reaction energeties aud iguitivity: 1eaction hieat release, activation energy.
predetonational length, deflagration speed. nnsteady detonation length, detonation forma-
tion length.

Purposes for this data are deseribed in the teport. To choose a field to edit one can use
<Left>. <Right>. < Up>. <Down>. <Home> and <Eud> keys: note that <Left> and
<Up> do the same as like as <Right> and <Down>. To beein editing a field press
<Enter> or any other (no navigation’s) key. To confirm editing and exit press <Ese>
Then if some limitations are violated. & warning message appears on the screen, and
editing continnes. When a field is in the process of editing, <Left> and <Right> moves
the cursor. <Del> and <Backspace> performes symbols deletion, <Euter> confirms and
<Ese> breaks editing,

Limitations for the values edited on the first input sereen produce the following warning
messages in case of their violation:

- "Invalid data on reaction coefficients”

(stoichiometric coefficients mast be non-ueeativey;

- "No fuel on reaction’s input”

(fuel stoichiometrie coefficient hefore the reaction must be positive

- "No products on reaction’s output”

(products stoichiometric coefficient after the teaction must be positiver:

- "Netral component can't chanee in reaction”

{neutral component stoichiometric coetficients hefore and after the reaction must be the
same);

- "Invalid molar mass of a compouent participating the reaction”

(molar mass of cach corapouent with positive stoichiometrie coefficient must he positive):
- "Negauve or zero initial concentration of an mpue component”

(initial concentration of each component with positive storchiometric coctlicient before the
reaction must be positive:

- "Adiabatic rato of participatine component must he from 1 to 1.677.

- "Molar mass of components must be the same both on input and outpnt”’

{total molar mass of components must be the same both hefore and after the reaction):

LY
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- "Sum of vo. anetriec concentiations on mput must be i ‘{;‘”*
e NEEELIVE OF Zerd At DUPE IEIOIT P Dertpte~ e oo s s s e e ;}: .
(reaction’s heat must be positive): ” %
\ - “Negative or zero activation cnergy” & ®
(activation energy must be positive): .'
- "Negative or zero predetonational leneth” =,
(predetonational length must be positive): : @
- "Negative or zero deflagration speed rate” e
(deflagrational speed must be positive): ;};
¢ - "Invalid detonation’s formation length” b"
(detonation’s formation length must be positive but not exceeding predetonational length): .
- "Invalid overdriven detonation’s formation leneth” »
(overdriven detonation’s formation length must he positive hut not exeeeding, detonation's \
formation length).
! ]
Then the system opens a screen to edit the following list of data (second input screen):
- data on mitial internal conditions: pressure and temperature:
- data ou geometry: fuel tank radins wud length. Note that “length™ here means total
length of the vessel including hemispherieal edges:
: - data on the membrane wall geomeny and thermodyvnamies: thickuess, density, heat ca- >
pacity and volume extendibility (with heating):
- data on the stresses modules and viscosity: slufting wodule. clasticity limit (initial).
elasticity limit (maximal). dynamical viscosity of the wall material:
- data on Steinberg - Guinane model constants: 4 values depending on the wall material;
- data on destruction criterium: maximal dissipation. cuergy per breach square unit, char-
' acteristical square of fragments and exponential parameter in the distribution law. » o
All rules of editing are the same as for the first input screen,
Limitatious for the sceond input sereen produce the following warnine messages in case of
' their violation: . >
- "Invalid initial pressute value”
{(initial pressure must be positive):
- "Invalid initial temperatue value”
(initial temperature must be not below 20K and above 000K
( - "Fuel tank length must be equal o1 exeeed two radit” »
(to perform the vessel with a middle evlindrieal part and two henusphetieal edges )
- "Tank wall thickness less o1 equal to zero”
(thickness of the tank wall must he positive)y,
- "Wall density must ne positive™:
p - "Wall heat capacity must he positive™ >
- "Wall thermal volume extendibility must be posiave”™,
- "Wall shufting module must be positive™
- "Wall elasticity limit must be positive™
- "Maximal wall elasticity hmit must exceed the imtial one™:
- "Wall dyuamical viscosity must be positive™s
! - "Each of the Steiubere Guinaue model constants st he positve” L
' »
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¢ - "Maximal dissipation must be positive™: liq
f —oerrEier ey for bredeltes orrghmation must b postiiveter s n s s R ?“!‘
, - "Characteristical square of fragmentation must be positive”: ,;}; @
- "Negative exponenttal parameter m fiagmentation distribution” i ‘
: (it must be positive or zero). 5
; o | . 5 ®
After confirming editing of the <econd iuput sereen the system changes to the MAIN ﬂ
®
MENTU.
4. MAIN MENTU. L h
I
The MAIN MENTU of the prosram couststs of 9 items. change hetween them is performed ;
¢ with <Left>. <Right>. <Up>. -<Dowu>. <Home> and <End> keys. Item is chosen »
with <Enter> kev, <Ese> key is inavailable. When one enters the MAIN MENU from *
the INITIAL DATA EDIT. the initial item is CALCULATE. Items of the main menu are:
CALCULATE, NEW CALCULATION. EXIT TO DOS.
SHOW RESULTS, SAVE RESULTS. READ RESULTS.
¢ SHOW INITIAL DATA. SAVE INITIAL DATA. SERVICE. »
4.1. CALCULATE. -
The system caleulates results if the fHae "ealendared™ 15 off. This Hae is off on enter from
INITIAL DATA EDIT and turns on after caleulunion oo READ RESULTS (in case of
P succesful reading). When this fae is on, choosing of this item leads to warning message:
"Results for the active initial data have heen alicady obtained”. and the choice pseudo- »
cursor in MAIN MENU turns to SHOW RESULTS. Caleulation consists of three stn os:
internal process (deflagration. detonation, ddt-process or no process at all), wall = - .ing,
and fragmentation, final velocities caleulation. If the ag “output during caleulations” is
on (it can be switched on/off in SERVICE), then after each stage temporary results will
¢ be displayed (all these resnlts can also he displayed via SHOW RESULTS). By default the » o
flag "output during calenlations™ is off.
4.2, NEW CALCULATION. _
The system turns again to INITIAL MENU. Note that the flag “caleulated™ turns off, but
) the active inital data is conserved as well as the active filename. d
4.3. EXIT TO DOS. {See FINISH).
4.4. SHOW RESULTS.
e If the flag “internal details ontput”™ (~ee SERVICE) 1~ on. then the system shows the
following. ’
First screen of internal resnls.
- Concentrations of reagents:
. - Volumetric initial coneentiations:
- Mass initial concentrations: »
- Volumetrie final concentrations:
- Mass final concentrations:
- Molar masses of 1eagent nuxtues (nntiad and final).
¢ »
~
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- Reaction’s heat release (per mol and per mass war

- Equilibrium final conditions (pressure and temperature):

- Type of the process inside the fuel tank (no process. deflaeianion. normal detonation.
ddt in progress or ddt orieinatine ).

Second sereen of internal results,

For spherical and cvlindiical parts of the vessel the tollowme i shown:

- Pressure (initial. hefore shock wave, atter shoek wave, after 1eaction zone. after shock’s
reflection. after reaction wone’s cflection and finaly. Tu case of "no process™ or “deflagra-
tion” only initial and final pressure values have resonable meanine.,

- Detonation’s wave velocity (for detonation or ddr processy. - Time intervals (ignition
- detonation origin. reaction zone near the wall duration. relaxation time. active pres-
sure increase duration). Some inrc: vals have resonable meaning only in detonation or ddt
processes.

Third sereen of interizal process shows the chart of pressure-time evolution near the wall
(in graphics mode). Data for evlindrical.case is showu m white, for sphericat - in red. If
the curves are the same (Lo, when notmal detonatnion oceursy the red exive is drawn over
the white one.

If the flag “membrane burst details owrput™ is on (see SERVICE) then the system shows
the followine.

First screen of membrane hurst and loading output,

If no process in the vessel, then the systeny simply types "No chemical veaction in the ves-
sel”, else for sphierical and cvlindrical pares of the vessel the following results are displayed.
- Impulse per square:

- Dissipation per mass unit: .

- Elastic energy per mass nnit: .

- Final density:

- Final veloeity:

- Loading time (time of pressure applicanon):

- Wall destruetion time (in ease of hreakup it is usnally less then the Loading tmey other -
wise it is zero, .. 1t has no reasonuble meaning ).

- If fragmentation oceurs (ves or no).

Note that the first four values arve caleulated nntl the hieakup ocemrs or the conditions
show that it will not oceur: the 3th (final veloeity) value i case of breahup relates 5 the
moment when the huge inerease of pressure near the wall will elax and the fragments then
will accelerate mostly by the drae forees,

Second screen of membiane burst and loading output.

Shows diagrammes of mass-number distribution of fragients for evlindiieal case (in eray )
and spherical ca~e (in dark red). If the diagramines tor both cases ttansect then one will
see them m pink. Diagraannes are shown graphies mode i logarithmie axes,
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If the flag "final velocities ourput”™ is on tsee SERVICE S then tie system shows the fol-
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First screen - final velocity dependine on fraginent s uies plots for evimdiical and spherical
cases are shown. Different cunves relate to different onentation angies of fragments: they
are shown in dfferent colors. and the corresponding angles are shown in the right part
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] .
of the screen eacht i its own color. If no hagmentation ocenrs for some case {eylindrical.
spherical or both of them) rhen "No fragmentation” is typed instead of a plot. !
:
Second sereen - final momentun of fragments depending, on mass plots for evlindrnieal A
and spherical cases wre showu. Different curves velare 1o ditferent onentation aneles ot |
‘ fragments like on the previous sereen. »
Note that change hetween sereens is made by pressing a key.
4.5. SAVE RESULTS.
¢ This item of the MAIN MENU works when “caleulated™ fag s on and the active filename »
is determined. Then the results are saved o file ummed <filenmme>.res, Otherwise the
following messages can appear on screen:
- "Results on the active imtal data haven’t bheen obramed”
(the flag “calewlated™ is oft ):
q - "Cannot access file, write initial data at fiest” »
(filename is undefined o1 cannot open file wirh defined name).
4.6. READ RESULTS.
This item of the MAIN MENU works when the active filename is determined. Then the
¢ results are read from file named <filename>.aes. Otherwse rhe following message can » Py
appear on screeq:
- "Cannot access file" -
(filename is undefined or cannot open file with defined name).
Note that succesfull pass througl this irem of the MAIN MENU <ees “ealeulated™ flag on.
‘¢ 4.7. SHOW INITIAL DATA. [
The active mitdal data v shown i the ovder desenbed above e INITIAL DATA EDIT.
but editine 15 now mavailable,
4.8. SAVE INITIAL DATA.
¢ I ' y »
The system asks for the file name (without extension). The active filename is default if
determined. Then it tries to open a tile numed < flenmune >0 and to save initial data into
it. If openine file is unsuecesfull then a wannne message appears:
- "Cannot access file”,
. Note that in case of succesiull write to file the active tilenume is 11e)determined.,
>
+.9. SERVICE.
This item of the MAIN MEXNTU leads ro sub-menu consisting ot five items:
- "Proceed (Brpassy internal details ontpur
¢ ’
+5
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- "Proceed { Bypass) membrane buise detads owrpr’ e
; LT = byt ‘. . . . <
t SOProcee By Passttittab colormite enptariee s - s i o L L g};’
- "Proceed (Bypass) output durine ealoudations %}:}’ @
- "Exit to main menu”. e
Each of the first four items serves to swireh o, oft the cotrespoudine control fae. the o
status of each flag is shown m the prompt (e, of "Preceed™ is in the prompt then the » ®
¢ flag is on). The purposes of these Hags can be seen above in CALCULATION and SHOW )
RESULTS. One can exit to main menn using the el item or just pressme the <ESC> )
key. Note that if the thice first Haes are OFF then SHOW RESULTS wiil not show any : @
results at all. ,
5. FINISH. :
¢ v )
The first sereen appears again, bue with "Press anv key ro exit™ on it Then after a key 1s '
pressed the program exits to DOS.
‘ )
¢ )
{ > O
{ )
¢ ]
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